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ABSTRACT 
Energetic materials have had a history of industrial, military and regrettably, 
terrorist applications. Due to the extreme damage that may be inflicted on both 
persons and property, the study of energetic materials has long been of paramount 
importance. This dissertation has focused on the determination of analytes contained 
within the energetic materials domain. The primary analyte of interest has been 
1,3,5-trinitro-1,3,5-triazacyclohexane (RDX), and the detection strategies employed 
have also been adapted to similar nitramines. This thesis has also explored how a 
quick and simple analysis may be conducted which allows for the shelf life of 
ammunition to be determined.  
Chemiluminescence, which is the production of light from a chemical reaction, has 
been employed throughout the research described. This technique is ideally suited to 
liquid-phase detection given its inherent selectivity, high sensitivity and rapid 
analysis time. One of the drawbacks of the ruthenium complex chemiluminescence 
reagents used is that its efficiency decreases over time. This is due to the reagents 
ability to oxidize water, its common media, meaning that the reagent is itself 
consumed. A simplified method is described which allows for the preparation of a 
temporally stable chemiluminescence reagent. 
A simple controlled chemical reduction of RDX and related nitramine compounds 
was investigated. A zinc amalgam was used to chemically modify the selected 
nitramines to species capable of eliciting intense chemiluminescence with tris(2,2ʹ-
bipyridyl)ruthenium(III). This reduction strategy with subsequent detection extends 
this widely used chemiluminescence reagent to a new class of analyte, and also 
provides a sound chemical basis for a screening test for nitramine explosives. 
Examination of the chemiluminescence profiles under stopped-flow conditions has 
 ix 
 
revealed that emissions are the result of multiple transient species formed in the 
reduction step. An application of the reduction strategy towards other analytes that 
also contain nitro- functional groups has demonstrated the high selectivity of this 
method.  
A novel approach was taken to synthesise a previously described ruthenium based 
chemiluminescence reagent. The two reagents described were prepared by 
dissolution of either [Ru(bipy)3](ClO4)2 in acetonitrile (having 0.05 M HClO4), or 
[Ru(bipy)3]Cl2∙6H2O in 95:5 glacial acetic acid:acetic anhydride (having 0.05 M 
glacial acetic acid), followed by chemical oxidation with PbO2. These easily 
prepared solutions provided distinct advantages to the parent compound, in that they 
maintained a high level of reproducible chemiluminescence intensity over a long 
period of time. This level of stability circumvented the need to either repeatedly 
prepare fresh reagent or conduct constant re-calibrations. This temporal stability also 
avoided complications that often arise with either online chemical or electrochemical 
oxidations. These reagents were then evaluated against a suite of compounds to 
determine their sensitivity, with the reagent prepared in acetonitrile producing a 
greater emission than the original ruthenium complex. The various 
chemiluminescence reagents were assessed against the species produced from the 
reduction of nitramines, with favourable results obtained from the reagent prepared 
in acetonitrile. 
While the selectivity and sensitivity were deemed to be more than adequate with 
regards to the zinc amalgam reduction process, it was proposed that the reaction 
conditions could be altered to achieve the same results, but using a more 
environmentally sound procedure. Several reduction strategies were investigated and 
evaluated in terms of chemiluminescence response obtained, against both the 
 x 
 
established ruthenium complex, and those recently developed. The greatest results 
came from the system which employed powdered zinc in acetic acid. These results 
are almost analogous to those seen from the zinc amalgam, although taking a longer 
period of time to do so. This intense chemiluminescence response was observed 
when utilising the ruthenium complex that was dissolved in the acetic acid:acetic 
anhydride solution. 
An investigation into the feasibility of detecting the propellants and their primary 
stabilizers through the use of chemiluminescence was carried out. The initial study 
tested 5 different chemiluminescence reagents against the stabilizers and their 
degradation products, to assess which chemiluminescence reagent had the most 
potential for high performance liquid chromatography. While the most positive 
results seen using flow injection analysis methodology didn’t directly translate across 
to analysis conducted using high performance liquid chromatography, a suitable 
chemiluminescence reagent was found. This allowed for a good separation to occur 
between 10 analytes in under 16 min. Only 2 compounds were unable to be 
differentiated from each other. The methodology was tested against a range of 
samples made from live ammunition, with all results being within 5 % of the known 
value. 
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1.1 Chemiluminescence 
1.1.1 An introduction to chemiluminescence 
There have been countless reports throughout history on the beautiful emission of 
light from unexpected sources [1]. These range from the glow of fireflies and glow 
worms (usually referred to as bioluminescence), first documented around 1500 BC in 
China [1], to observations of ‘cold light’ from certain dead fish by Aristotle 
(384 BC – 322 BC). The term “chemiluminescence” was first described by 
Wiedemann in 1888 [2], in an attempt to differentiate between the various forms of 
luminescence. He categorized them into six distinct categories based on their mode 
of excitation: photo (absorption of light), electro (electric discharge), thermo (slight 
heating), tribo (friction), cristo (crystallization) and chemi (chemical reaction). 
Chemiluminescence can be defined as the production of light (ultraviolet, visible or 
near infrared) as the result of a chemical reaction [3]. This phenomenon can then be 
thought of as one of two general pathways; direct or indirect chemiluminescence. 
Direct chemiluminescence occurs when a reaction produces an electronically excited 
species which undergoes relaxation with the emission of a photon [3]. Indirect 
chemiluminescence, also known as sensitised chemiluminescence, occurs when the 
electronically excited species transfers energy into a suitable luminophore that acts as 
the emitter [3]. Given that light is relatively easy to quantitate [4]; such reactions 
have a wide application in areas requiring both qualitative and quantitative detection 
[4]. This is possibly due to the fact that analyte concentration is proportional to the 
emission intensity (over a finite range) [5]. It is for these reasons that 
chemiluminescence has become a widely used and well established analytical 
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technique, offering highly sensitive detection using relatively cheap and simple 
instrumentation [3-12].  
Flow injection analysis (FIA) is one of the simplest protocols for generating and 
measuring chemiluminescence in a continuous stream, as it allows for rapid and 
reproducible mixing of the sample with the reagent, while still maintaining a minimal 
distance to the detector [5, 7, 11, 13]. This small distance between the detector and 
the sample allows for the maximum amount of light from fast chemiluminescence 
reactions to be determined. This protocol has been thoroughly investigated in the 
pursuit of understanding the fundamental concepts of chemiluminescence reactions, 
which has been comprehensively reviewed by Fletcher et al. [5]. Another area where 
diligent study of this protocol has been applied, has been on the quantification of 
analytes in simple matrices [7]. Complex samples are difficult to analyse using FIA, 
as the simplistic detection approach cannot differentiate between a signal arising 
from a target compound or from an interferent [7]. However, additional selectivity 
can be achieved through the use of modified sample preparation, often by means of a 
separation [10]. It is for this reason that chemiluminescence detection is often 
coupled to liquid chromatography or capillary electrophoresis [6-10, 13]. The biggest 
obstacle to overcome with these approaches is that optimal conditions for effective 
separation are rarely the same as the conditions required for optimal 
chemiluminescence emission [6-10]. Often, the most important variables to be taken 
into account are the mobile phase composition, pH and the flow rates [13]. 
Nevertheless, post-column chemiluminescence is still a desirable technique when 
quantifying multiple analytes in complex matrices, such as environmental samples or 
physiological fluids, partly due to the diversity with which analytes may be 
determined [6-10]. 
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While there are many different chemiluminescence reagents available, they all 
have their own uses and limitations. The chemiluminescence reagents of interest 
used throughout this dissertation include those based on either ruthenium or 
manganese. 
1.1.2 Chemiluminescence of the ruthenium complex  
Tris(2,2ʹ-bipyridyl)ruthenium(II) [Ru(bipy)3]2+ was first synthesized by Burstall in 
1936 [14], but it was not until 1966 that Hercules and Lytle reported the first use of 
this complex for chemiluminescence [15]. Since then, [Ru(bipy)3]2+ has been 
extensively studied as a sensitive and selective chemiluminescence reagent [16-18]. 
Analytical applications of this reagent have greatly increased in number, and this 
reagent has been the primary subject of several reviews [8, 16, 17, 19-21]. Although 
a complete mechanism for each analyte with [Ru(bipy)3]3+ has yet to be fully 
elucidated, the general detection chemistry (Scheme 1.1) has been widely agreed 
upon. 
 
Scheme 1.1. Generalised reaction scheme for the generation of light from a reaction 
of [Ru(bipy)3]2+ 
This scheme relies upon the oxidation of [Ru(bipy)3]2+ to produce the reagent, 
[Ru(bipy)3]3+. This tri-valent complex is subsequently reduced by a suitable analyte, 
giving an electronically excited state bi-valent complex. This excited state complex 
finally relaxes to its ground state by the emission of a photon [7, 16, 17, 19-21]. The 
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best method of generating [Ru(bipy)3]3+ has yet to be universally agreed upon. To 
date, the generation of [Ru(bipy)3]3+ has been accomplished using electrochemical 
oxidation for the majority of applications. This is likely due to the ruthenium(III) 
complex’s ability to oxidize water [22]. By utilising electrochemical oxidation, the 
inherent instability of [Ru(bipy)3]3+ is minimised, as the reagent can be generated 
immediately prior to reaction with the analyte [16, 17]. Chemical oxidation using 
reagents such as cerium(IV) is rapidly gaining popularity as an alternative, as it 
avoids the problem of electrode fouling associated with the electrochemical 
approach [17]. This oxidation can also be achieved using lead dioxide. The biggest 
drawback to this approach is the need to filter the oxidising agent out of the solution 
prior to analysis. The other drawback to this method is the need to constantly 
regenerate the reagent, as once oxidized, the effectiveness of the [Ru(bipy)3]3+ 
decreases after prolonged use.  
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Figure 1.1. Ruthenium complex cycle, showing oxidation by lead dioxide followed 
by reduction via a suitable analyte, with generation of excited intermediate and 
subsequent relaxation through the emission of a photon. 
As noted in several reviews [8, 16, 17, 19-21], [Ru(bipy)3]3+ chemiluminescence 
has shown the greatest selectivity towards compounds that contain an amine. This 
includes, but is not limited to, alkaloids, amino acids, some organic acids, 
pharmaceuticals, pesticides and proteins [8, 16, 17, 19-21]. Furthermore, studies 
have shown that the emission intensity follows a generalized pattern, with tertiary 
amines eliciting the greatest response, then secondary amines, followed by primary 
amines providing the lowest response [16, 17, 23, 24]. The emission of the light is 
commonly at 610 nm, however accounting for cell corrections, this is generally 
accepted to be 628 nm [25].  
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1.1.3 Acidic potassium permanganate chemiluminescence 
Acidic potassium permanganate chemiluminescence was first reported in 1917 by 
Harvey [1], but it was not until 1975, that Stauff and Jaeschke [26] utilized it 
analytically in the determination of sulfur dioxide. The reports of its usage have 
blossomed since then, with hundreds of publications resulting from work into its 
field, as evinced in two comprehensive reviews [12, 27]. The majority of studies 
involving permanganate chemiluminescence involve the determination of organic 
compounds, most of which contain phenolic moieties [12, 27]. 
It was only recently that both a unified scheme for acidic potassium permanganate 
chemiluminescence and a mechanism for its enhancement have been elucidated (see 
Scheme 1.3) [28]. Using both synthetic and spectroscopic methods, it has been 
demonstrated that oxidising the analyte by manganese(VII) generates, a radical 
intermediate [28]. This radical species subsequently reacts with manganese(III), 
which is present in the solution, to produce an excited state manganese(II) species. 
This excited state undergoes relaxation to the ground state, whereby emission of a 
photon is observed. Furthermore, when the reaction occurs in the presence of 
polyphosphates, the emission intensity is enhanced by two separate mechanisms that 
work in combination [28]. The light emission (λmax = 689 ± 5 nm) has been shown to 
be the result of emission from a manganese(II) species upon relaxation from an 
excited state (4T1 → 6A1 transition) [12, 29, 30]. This emission can be greatly 
improved, with excitation being increased by approximately 50 times, when the 
reagent is used in conjunction with the previously stated polyphosphates [12, 27]. 
It was reported that the polyphosphates formed a ‘cage-like’ structure around the 
manganese(II)*, which both limited non-radiative pathways and prevented 
disproportionation of the manganese(III) intermediate [28]. 
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Scheme 1.2. Postulated mechanism for permanganate chemiluminescence in the 
presence of polyphosphates (image adapted from Hindson et al. [28]). 
Whilst there have been numerous analytes which have been determined using 
acidic potassium permanganate, by far the most popular are compounds containing 
phenol and/or polyphenol functionalities [12]. Many studies have concentrated on the 
determination of an individual phenol or polyphenol, generally extracted and purified 
from items that have been thought to have anti-oxidant properties, and then subjected 
to FIA based methodologies [12, 27, 31-33]. Of these studies, a suite of compounds 
including ascorbic acid, caffeic acid, catechin, melatonin, quercetin, resveratrol and 
rosamarinic acid have exhibited intense emissions, with detection limits in the region 
of 1 – 10 nM [12, 27, 31-33].  
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1.1.4 Manganese(IV) chemiluminescence 
Although acidic potassium permanganate [manganese(VII)] has been used 
extensively as a chemiluminescence reagent for various organic compounds [12, 27], 
other manganese based oxidants have been under investigation to complement these 
reagents, most notably manganese(IV) [34]. Manganese (IV) is most commonly 
observed to exist as manganese dioxide, however its poor solubility in the majority 
of solvents has limited its use in analytical applications [34]. It has been noted, 
however, that under certain conditions potassium permanganate can be reduced to 
provide a suspension of manganese dioxide nano-particles, which has been termed  
‘soluble’ manganese(IV) [35-41]. In 1984 Jáky et al. [37, 38] reported a method of 
producing what they thought was a non-colloidal brown solution containing 
manganese(IV). This was achieved by reducing potassium permanganate with 
sodium formate and precipitating the manganese oxide out. This was subsequently 
dissolved in 3 M orthophosphoric acid, agitated for 30 min and finally filtered. 
Researchers from Deakin University have found that an analogous reagent could be 
prepared without the need for the filtration, however it required between 1 and 3 days 
for complete dissolution at room temperature [35]. Further studies have shown that 
by simply allowing the solution to undergo ultrasonication for 30 min, followed by 
heating at 80 °C for 1 hour, allows for the complete dissolution of manganese(IV) to 
occur [36]. 
Thus far, there have been relatively few compounds that have been detected using 
manganese(IV), which has been reviewed to determine its analytical application [34]. 
The first reported investigation into the chemiluminescence reactions of 
manganese(IV) was conducted in 2001 [35], in which 25 organic and inorganic 
compounds were shown to give analytically useful results. Since this initial report, 
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approximately 20 publications have described the use of manganese(IV) 
chemiluminescence for the detection of various analytes, including ascorbic acid, 
various opiate alkaloids and indoles [34, 42]. To date, the majority of these 
applications have utilized FIA methodology [34, 42]. To demonstrate the potential of 
manganese(IV) for further investigation, Brown et al. [36] utilized post column 
chemiluminescence detection for a mixture of 6 opiate standards. A similar technique 
has recently been successfully applied to the detection of thiol and disulfide 
compounds in blood [43]. 
The light emission (725 nm to 740 nm) from reactions between analyte and 
manganese(IV) is characteristic of many reactions with manganese based oxidants, 
such as acidic potassium permanganate, suggesting that it too is the result of a 
manganese(II) excited state species [12, 29, 34-36, 44]. Additionally, this emission 
can be greatly enhanced when in the presence of certain species, such as 
formaldehyde [31, 34-36, 45, 46]. Given that this reagent has only been used as a 
chemiluminescence reagent for such a short time, no link between molecular 
structure and chemiluminescence has yet to be determined. It is clear however, that 
manganese(IV) provides a broader range of detectability with respect to that 
observed with permanganate [12, 29, 34-36, 44].  
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1.2 Energetic materials 
1.2.1 Introduction to explosives 
From the simple beginnings that created black powder by accident in about 
220 BC [47], to Alfred Nobel’s world changing synthesis of dynamite in 1875, to the 
devastation caused by nuclear explosions in 1945, the development of energetic 
materials has constantly expanded. Energetic materials that are non-nuclear are 
generally classified as either being primary or secondary explosives [47, 48]. 
Primary explosives undergo a rapid transition from burning to detonation, with the 
ability to transmit the detonation to less sensitive explosives. Primary explosives are 
generally sensitive to both heat and shock, however do not produce intense 
shockwaves [49]. Primary explosives are mostly used as detonators for secondary 
explosives. Secondary explosives are generally less sensitive to shock and heat, but 
they do possess much greater explosive power than their primary counterparts [49]. 
The main difference between a fire and an explosion is the rate at which 
conflagration occurs. If the transfer of energy occurs through a thermal mechanism, a 
fire is observed [47]. If however, the energy transfer occurs through a shockwave, an 
explosion is observed. The velocity of a shockwave from liquid or solid energetic 
materials can range from 1.5 km s-1 to over 10 km s-1 [47]. 
1.2.2 1,3,5-Trinitro-1,3,5-triazacyclohexane 
Surprisingly, 1,3,5-trinitro-1,3,5-triazacyclohexane, commonly known as RDX, 
was first synthesized for medicinal purposes in 1899 by Henning [50]. It was not 
until 1921 that Herz realised its explosive potential [51]. The manufacturing process 
of RDX was greatly explored in the lead up to World War II, where a continuous 
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method of production was devised [52], to effectively replace the batch method used 
previously. While this allowed for vastly greater amounts of the energetic material to 
be produced, it was found that there was a consistent 8-12% impurity, a substance 
which was later identified to be another high explosive, octahydro-1,3,5,7-tetranitro-
1,3,5,7-tetrazocine, dubbed HMX [53, 54]. Following this discovery, with 
appropriate adaptation utilising an older reaction method [53, 55], the production of 
pure RDX was developed. It was then in 1952, that polymer bound/bonded 
explosives (PBX) were developed [47], with the goal to reduce the sensitivity of the 
crystal form. This was first achieved by embedding the crystals in a polymer matrix 
similar to conventional rubber. The first of these PBXs was a composition of RDX 
embedded in plasticized polystyrene [48]. Currently, there are many varieties of 
PBXs, most of which are less sensitive to shock, and thus detonation, than their 
crystal parent. One drawback to this bonding is a slight decrease in explosive power, 
however it is universally agreed that this slight reduction in power is balanced by the 
great increase in stability [47]. The other added benefit of PBXs is their ability to 
incorporate other materials into them for use in power control (either increasing or 
decreasing the power output), malleability, texture, colour, as well as stability 
variations. Energetic materials are now commonly added to various oils, plasticizers 
and waxes to exploit the differences the additions can make, as previously 
mentioned [49]. Some commonly known PBXs include C-4, a composition of RDX 
with various plasticizers, and Semtex, which is a mixture of RDX and pentaerythritol 
tetranitrate (PETN) [56]. Other military uses for RDX include the filling of 
munitions, such as grenades or aerial bombs. Civilian uses for RDX include the 
explosive component of fireworks [57], and as a main shattering component used in 
mining and demolition [58]. Given its high stability to heat, it is known to be have 
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been used as an occasional fuel source during the Vietnam War for the preparation 
and cooking of food [59]. 
Since World War II, RDX is only exceeded in military use by the famous tri-nitro 
toluene (TNT) [60]. When compressed to optimum density, RDX is greatly superior 
to TNT, with a confined detonation velocity of 8.44 km s-1, and a power index of 
457, compared to 6.85 km s-1 and 331 respectively [47]. The power index is a 
measure of the explosive power of an energetic material, relative to the standard, 
picric acid (see scheme 1.3).  
ܲ݋ݓ݁ݎ݅݊݀݁ݔ ൌ ܳ ൈ ܸܳ௣௜௖௥௜௖௔௖௜ௗ ൈ ܳ௣௜௖௥௜௖௔௖௜ௗ ൈ ͳͲͲ 
Scheme 1.3. Calculation required to determine the power index of an energetic 
material, whereby Q is the heat of explosion (kJkg-1) and V is the volume of gas 
produced (dm3g-1) [47]. 
Another way to classify explosives is to categorise them by their ‘figure of 
insensitiveness’ to impact, and the ‘figure of friction’ [47]. The first value is obtained 
by either dropping heavy weights (2 kg) onto a small sample (30 mg) from varying 
heights, to determine how much energy is required to induce detonation, while the 
second relies on how much friction is required to detonate a small sample. By 
combining these two figures, an energetic material can be classified as either ‘very 
sensitive’, ‘sensitive’, or ‘comparatively insensitive’. All primary explosives are 
‘very sensitive’, while the secondary explosives range across all three classifications, 
with RDX being labelled ‘sensitive’ [47]. 
The class of compounds that RDX belongs to is known as the nitramines, almost 
all of which can be used in military applications. The nitro group bound to an 
aliphatic azo functionality gives a high nitrogen content, generally allowing for high 
CHAPTER ONE 
 
14 
 
levels of power. This is why similarly structured compounds such as HMX and CL20 
also have such high brisance, which is the shattering effect that the compressed gas 
has on the material it hits at high speed [47]. The stability of RDX is increased when 
stored under water, due to its lack of having a detonation source [47]. Another 
property of RDX that allows for high levels of power is its crystal density: 
1.82 g cm-3 at 20 °C, which causes a high volume of gas to evolve from a small 
amount of substance [47]. Unfortunately, RDX has a very low vapour pressure, being 
in the region of parts per trillion at room temperature, making its detection very 
difficult [61]. This makes its use for criminals and terrorists more attractive, 
especially when considering the decreased vapour available when the substance is 
wrapped in materials such as cling wrap [61]. 
There are two main reasons why pre-detonation detection of RDX is of paramount 
importance. The first is obvious, in that damage of people and property is to be 
avoided at all costs. The second reason is due to its chemical products post 
detonation. As can be seen in the chemical reaction depicting RDX’s detonation (see 
Scheme 1.4), the decomposition products of water, carbon monoxide and nitrogen 
gas, when found, would hardly be indicative of RDX. As there is not enough oxygen 
within the molecule to completely burn all of the fuel in the molecule, it is 
considered to be an under-oxidized explosive [47]. This property causes a portion of 
the sample to remain post detonation, regardless of how well it is engineered, which 
is then available for detection. 
C3H6N6O6(s) → 3 H2O(g) + 3 CO(g) + 3 N2(g) 
Scheme 1.4. Reaction for the detonation of RDX 
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1.2.3 Detection strategies for energetic materials 
At present, there is no single method applied across the board for explosives 
detection. This is likely due to the broad range of energetic materials currently 
present, with their vastly different chemical properties. Many explosives have 
relatively low vapour pressures [61], making their detection more difficult. The 
majority of explosives analysis would be classified as either bulk, trace or vapour 
detection. Given that there are so many explosives with multiple methods of 
detection, the main methodologies will be listed. 
Currently, the detection of explosives is predominantly carried out by utilising one 
of seven main methodologies: spectroscopic approaches, nanotechnology, quartz 
crystal microbalance, olfactory type sensors, sensor techniques, and thin film 
sensors [62]. While the latter three are all variations of sensors, they are quite 
separate in their methodology, as will be explained. 
Spectroscopic approaches for the detection of explosives are perhaps the most 
widespread in terms of research. These can be further classified into multiple 
branches of interest, which include, but are not limited to: ion mobility 
spectroscopy [63], mass spectrometry [64, 65], terahertz spectroscopy [66-69], 
infra-red spectroscopy [70, 71], laser-induced breakdown spectroscopy [72, 73], 
Raman spectroscopy [74, 75] and cavity ring down spectroscopy [76]. Many of the 
advances that stem from these approaches centre around the desire for greater 
instrumental portability, while maintaining low levels of detection with a wide range 
of analytes. Most of these techniques have found increased potential for field 
portability when coupled with recent advances in micro-/nano-chip processors, 
optical fibres and wireless control. 
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Nanotechnology research has become increasingly widespread. One major 
observable facet of this is the often unique characteristic properties of a nanoscale 
compound which differs greatly from the bulk form of the material. It is these 
differences that have been explored and exploited to advantage. The three biggest 
areas of nanotechnology advancement have come from molecularly imprinted 
polymers [77-79], nanotubes [80] and nanoparticles [81-83]. A large justification for 
the increases in nanotechnology research is the greatly increased surface area, when 
compared to regular solid phase reactants. Having an increased surface area holds 
great potential to decrease the reaction time of a reaction, decrease reagent 
consumption (and hence reagent waste) and increase sensitivity. 
The quartz crystal microbalance is one of the less utilized methodologies for 
explosive detection; however its use is still widespread. The technique relies on the 
resonance frequency change due to a change in mass upon the crystal surface. Of 
particular interest is the recent advances in peroxide based explosives detection [84], 
where false positives are becoming less and less frequent. The main advantage of 
quartz crystal microbalance analysis is the rapid analysis times (a few seconds) and 
the low limits of detection (approximately 1ppm) [84, 85]. 
There are effectively two types of olfactory sensors, natural and synthetic. Various 
dog breeds have been the most widely utilized animals since World War II [86], 
however their long training time and high costs have led to other animals and insects 
being explored as potential substitutes [87, 88]. The other obvious downside to their 
use is the lack of quantitative data. While the affectionately dubbed “sniffer dogs” 
promise to be a constant in explosives detection, seeing as they are both sensitive and 
portable, their unique attributes are currently being analysed in the hopes of 
replication. Much of the work that has been done on synthetic olfactory sensors has 
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been the incorporation of insect olfactory sensory neurons into biosensor arrays [88], 
which can be used for particular explosives. The other main category in synthetic 
olfactory sensors have been classified as “electronic noses”, which usually have an 
array of chemical sensors which will interact with various vapours to different 
degrees [89]. These interactions can be classified according to their extent, and 
sorted out through pattern recognition or through an artificial neural network. 
Sensor techniques are probably the furthest ahead in terms of bringing the 
laboratory to the field. The principle behind sensor techniques is an immobilized 
reagent which is capable of recognising an explosive [62]. This recognition may 
come in a multitude of forms, from an electrochemical response or an optical change. 
Whatever this change may be, the recognition event must then convert into a 
measureable change, such as electron production which can be quantified at an 
electrode. The sensor techniques are compiled into four broad categories; chemical, 
electrochemical, immunochemical and luminescence. Chemical sensors rely on 
chemical reactions, most often expressed by colour changes [90]. Electrochemical 
sensors exploit minute changes in voltage, potential difference, current or 
conductivity [91]. Immunochemical sensors take advantage of characteristics 
displayed by antibody-antigen reactions specific to particular compounds [92]. 
Luminescence sensors utilize either direct or indirect luminescence, relying on either 
the assay to emit light in the presence of explosives [93], or be detected by the 
decrease in emitted light caused by quenching due to the presence of the 
explosive [94]. 
Chemiluminescence has recently been used to detect nitrogen containing 
explosives ([64, 95]. One of the advantages of this method of detection is the high 
sensitivity and selectivity, however these often employ indirect detection, by 
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measuring the level of quenching when a peroxide based explosives, such as 
triacetone triperoxide (TATP) is introduced into the detection system [96]. Many of 
the current chemiluminescence detection systems involve a pre-separation step, often 
using HPLC or GC, which limits the potential for field portability. Another popular 
method of chemiluminescence detection utilises the reaction between luminol and 
NOx radicals, after exposing the nitro-containing energetic material to photo-
excitation [97]. There has also been extensive study on the chemiluminescence 
reaction between TNT and luminol species, which incorporate immunoassays [98]. 
To date, there has been very little investigation into chemiluminescence detection of 
nitramine explosives, which this study aims to rectify.  
The most common place to find an explosives detection system would be at any 
international airport located throughout the world. While the most common explosive 
scanners are X-ray based instruments, the prevalent method for direct sampling 
analysis utilises ion mobility spectrometers, which characterize a sample through the 
difference in an ion’s mobility within the gas phase of the instrument, obtained by 
applying an electrical field [99]. Sample vapours are introduced into the drift tube 
after ionization at atmospheric pressure. The time that the analyte drifts is compared 
to known standards, whereby a mass to charge ratio can be determined and the 
substance consequently identified. 
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1.3 Propellants and stabilizers 
1.3.1 Propellants 
Small arms ammunition can be classified as explosive materials that are designed 
and initiated in such a way as to allow for the generation of large volumes of gas at 
highly controlled, predetermined rates [100]. The purpose of a propellant is to 
provide thrust for delivery of the munitions payload, commonly called a bullet 
(Figure 1.2) [101]. The propellant is tightly packed into a shell housing, to be set off 
by the triggering mechanism, be it physical or chemical [101]. This gas is channelled 
down the barrel, to provide rapid acceleration of the bullet towards the desired target 
[100]. 
 
Figure 1.2.  Cross section of small arms ammunition 
There are several essential properties that a propellant must have for it to be used 
in ammunition [100]. It must have a reasonable level of stability, which allows for its 
reliable use after long periods of inactivity. It must also contain its own oxygen 
supply, as its ignition occurs in an enclosed space. The propellant must also burn 
rapidly, as opposed to detonating. The final intrinsic property that a propellant must 
have is an adequate energy to weight ratio. Without these properties, ammunition 
would self-ignite, not ignite at all, explode or be ineffective. One other desirable 
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property of a propellant is the resistance to heat [100], as ammunition cartridges are 
often loaded into the chamber of a gun that has been previously fired, which will 
mean that it is already hot from the previous shot. 
The burning rate of a propellant is also important for several reasons: if the 
propellant burns too quickly, or detonates, there is a high potential for damage to the 
gun it is fired from, as well as the person firing [102]. If it burns too slowly, there 
will be insufficient velocity for the desired purpose. The easiest way to control the 
burning rate is alter the size and shape of the solid propellant. Another method of 
achieving different burning rates is the addition of a modifier, such as 
nitroguanidine [101]. 
Propellants are categorized into being either single-, double-, or triple based [101, 
102]. Single based have nitrocellulose as the sole oxidizer, double based have the 
addition of nitroglycerine, with the triple based having a substantial addition of 
organic energy producing compounds. Triple based propellants are rarely observed 
with small arms munitions.  
There are a variety of reasons that additives are used in conjunction with 
propellants [100], namely in the alteration of important aspects, such as: ballistic 
properties, stability, ignitability, thermal properties, conductivity or even colouring, 
to help identify substances present. 
 
1.3.2 Stabilizers 
Stabilizers are added into many forms of munitions, to help decrease their 
volatility [101]. The way in which they work is generally to act as sacrificial 
compounds which react with nitro- radicals formed by the degradation of the 
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propellant. In this way, the propellant will not degrade and become either less 
effective in its original purpose, nor will it undergo auto-ignition. By having a 
stabilizer(s) present, the shelf life of munitions may be prolonged, as well as having 
an increased confidence in their lack of self-ignition. 
The earliest suspected use of propellants was in the form of black powder, first 
thought to be used in ancient China [47]. However, the origins of black powder will 
always remain under debate, as it is also claimed that it was first produced in 
England in the 13th Century [103]. Others still credit the development to Archimedes 
(287 – 212 BC) [101]. Regardless of its origins, black powder was the dominant 
propellant in use until the development of smokeless powders by Schönbein and 
Böttger in 1846 [100]. Currently, nitrocellulose is used almost exclusively in small 
arms ammunition [101], due to its high energy output, ease of moulding into shape, 
and ease of stabilization [104]. Unfortunately, nitrocellulose will decompose after a 
time, yielding the autocatalyst N2O4, which further accelerates decomposition. The 
most common stabilizing agent for use in single based propellants is diphenylamine, 
however it has been suggested that it should not be used in double based propellants, 
as there is a chance of hydrolysis of the nitroglycerine [104]. Common stabilizing 
agents used in double based propellants are methyl centralite, ethyl centralite and 
Akardite II. These stabilizing agents effectively soak up the N2O4 formed from 
degraded nitrocellulose/nitroglycerine, increasing the shelf life of the 
ammunition [101]. 
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1.4 Project aims 
This thesis aims to discover how chemiluminescence can be utilized to further 
enhance the current detection methods used to detect a range of forensically 
important analytes. The bulk of the research described herein is devoted to how a 
method may be developed which will allow for the rapid detection of various 
energetic materials. Several reduction strategies were thoroughly investigated 
towards the determination of the most convenient approach to this goal. Another 
objective of this project is to find a suitable method of preparing the ruthenium 
chemiluminescence reagent which eliminates the need for water in the system. This 
target is due to the ruthenium reagents inability to remain effective for long periods 
of time while in a water matrix, which would have negative ramifications on any 
potential prototype. The final aim of this project is to construct and validate a 
protocol for the determination of various stabilizers and propellants extracted from 
small arms ammunition, with the intent being accurate shelf life determination. 
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2.1. Introduction 
Rapid at-scene detection of explosives such as 1,3,5-trinitro-1,3,5-
triazacyclohexane (RDX; Figure 2.1) is of paramount importance in the fight against 
organized crime and terrorism [105-107], but practical and cost-effective equipment 
currently available to field personnel to conduct screening tests is very limited. 
Microfluidics is seen as a promising technique to address this issue [108, 109] and 
there is therefore an urgent need for new detection systems suitable for miniaturized 
flow-analytical devices. Chemiluminescence is an attractive mode of detection for 
microfluidics because of its inherent sensitivity and instrumental simplicity [19, 110, 
111], but it is limited by the relatively small number of effective reagents [112]. 
Amongst these, tris(2,2c-bipyridine)ruthenium(III) ([Ru(bipy)3]3+) has been one of 
the most widely applied [19-21, 113-115]. Preliminary chemical or electrochemical 
oxidation of [Ru(bipy)3]2+ and subsequent reduction of [Ru(bipy)3]3+ by a suitable 
analyte or analyte oxidation product [116] forms the [Ru(bipy)32+]* species 
responsible for the characteristic orange luminescence from this reaction [21, 117]. 
The radiative relaxation to the ground electronic state regenerates [Ru(bipy)3]2+, 
which enables repeated use of the reagent if immobilized in the detection flow-cell or 
electrode surface [113, 114]. 
Aliphatic tertiary amines elicit the greatest emission with this reagent, and 
consequently the vast majority of analytical applications focus on the detection of 
compounds containing this functional group, or biomolecules labelled with 
[Ru(bipy)3]3+ using tripropylamine as a co-reactant [113, 118, 119]. However, some 
innovative approaches to extend [Ru(bipy)3]3+ chemiluminescence detection to new 
classes of analytes have emerged. These include primary or aromatic amines, 
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nitrosamines and carboxylic acids [120-133], including photochemical reactions, and 
derivatization to add or form tertiary amines (Table 2.1). 
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Table 2.1. Derivatization/degradation procedures that extend [Ru(bipy)3]2+ 
chemiluminescence to the detection of analytes that otherwise elicit no (or relatively 
low) native response. 
Analyte 
Instrument 
(mode of 
detection) 
Approach Proposed or identified product(s) Limits of detection Ref. 
Amino acids HPLC (ECL) 
Off-line derivatization 
with dansyl chloride (60 min 
deriv.; 40-60 min sep.) 
Dansyl amino 
acids 1 × 10
-7 M [120] 
Amino acids HPLC (CL) 
On-line oxidation with 
periodate and UV irradiation 
(10-15 min sep.) 
Oxalate 5 × 10
-8 M to 2 × 10-6 
M [121] 
Aromatic and 
branched-chain amino 
acids 
FIA/HPLC 
(ECL) 
Off-line cyclization using 
DVS (15 min deriv.; 40 min 
sep.) 
1,4-Thiazane-
1,1-dioxide 
derivatives (tertiary 
amines) 
4 × 10-9 M to 8 × 10-7 
M [122] 
Primary amines HPLC (ECL) 
Off-line cyclization using 
DVS (15 min deriv.; 12 min 
sep.) 
1,4-Thiazane-
1,1-dioxide 
derivatives (tertiary 
amines) 
1 × 10-7 M 
(3-aminopentane), 3 × 
10-6 M (propylamine) 
[123] 
Enantiomers of 
chiral secondary 
amines 
Chiral 
HPLC (CL) 
On-line derivatization 
with acrylonitrile (30 min 
sep.) 
Tertiary amines Not stated [124] 
Monoethanolamine 
and diethanolamine 
FIA/HPLC 
(CL) 
On-line derivatization 
with epichlorohydrin (7.5 
min deriv.; 30 min sep.) 
Tertiary amines 1 × 10-6 M [125] 
Aromatic amines FIA/HPLC (CL) 
On-line UV irradiation 
(30 min sep.) 
Various 
substituted amines 
1 × 10-7 M to 1 × 10-6 
M [126] 
Aliphatic and 
aromatic amines 
HPLC 
(ECL) 
Off-line derivatization 
using diketene (90 min deriv. 
aromatic, 5 min deriv. 
aliphatic; 30 min sep.) 
Acetoacetylamid
es 5 × 10
-7 M [127] 
Penicillamine and 
ephedrine SIA (CL
a) 
Off-line derivatization 
with acetaldehydes (30 min 
deriv.; 20 min sep.) 
N-substituted 
hemiaminals 
7 × 10-7 M and 2 × 
10-7 M [128] 
Nitrosamines FIA/HPLC
b 
(CLa) 
On-line UV irradiation 
inducing N-NO cleavage (25 
min sep.) 
Secondary amine 4 × 10
-10 M to 8 × 10-
9 Mc [129] 
N-Methylcarbamate
s 
HPLCb 
(CLa) 
Post-column irradiation 
by UV light (18 min sep.) Methylamine 
2 × 10-11 M to 2 × 10-
10 M [130] 
Carboxylic acids HPLC (ECL) 
Off-line derivatization 
with IDHPIA (45 min deriv.; 
80 min sep.) 
Tertiary amine 
5 × 10-11 M (myristic 
acid), 6 × 10-11 M 
(phenylbutylic acid) 
[131] 
Carbonyl 
compounds 
FIA/HPLC 
(ECL) 
Off-line derivatization 
with methylmalonic acid (20 
min deriv.; 10 min sep.) 
Cyclic dilactone 
derivatives 
2 × 10-9 M to 2 × 10-7 
M [132] 
Aromatic 
compounds HPLC (CL) 
On-line UV irradiation 
(10-50 min sep.) Oxalic acid 
4 × 10-8 M (ECGC), 6 
× 10-8 M (epicatechin) [133] 
Nitramines FIA (CL) 
Off-line Zn-amalgam 
reduction with 
ultrasonication (12 min) 
Substituted 
amine species 1 × 10
-8 M (RDX) This study 
Abbreviations: CL: chemiluminescence, deriv. = derivatization, DVS: divinyl sulfone, ECGC = epigallocatechin gallate, 
ECL: electrochemiluminescence (in some of the above cases more appropriately described as prior electrochemical generation 
of the reagent for chemiluminescence), FIA: flow injection analysis, HPLC: high performance liquid chromatography, IDHPIA: 
3-isobutyl-9,10-dimethoxy-1,3,4,6,7,11b-hexahydro-2H-pyrido[2,1-a]isoquinolin-2-ylamine, sep. = chromatographic 
separation, UV = ultraviolet. 
aReagent oxidized using peroxydisulfate with UV irradiation. 
bIncorporating preliminary solid phase extraction. 
cLimits of detection shown were obtained without the preconcentration step. 
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Nitramine compounds such as the high explosive RDX have not previously been 
detected with [Ru(bipy)3]3+ chemiluminescence, but McHugh and co-workers 
demonstrated controlled reductions of RDX to products that included hydrazine and 
tertiary amines [134], which reveals a pathway to potentially utilize [Ru(bipy)3]3+ 
chemiluminescence detection. Moreover, Woltman and co-workers [135] have 
quantified nitroaromatic and nitramine explosives, which includes RDX, by 
electrochemical reduction to form hydroxylamines and nitrosamines that reacted with 
[Ru(bipy)3]3+ to produce [Ru(bipy)3]2+, which they detected by laser-induced 
photoluminescence.  
Given the structural similarities between RDX and other nitramine compounds, 
namely octahydro-1,3,5,7-tetranitro-1,3,5,7-tetrazocine (HMX) and 2,4,6,8,10,12-
hexanitro-2,4,6,8,10,12-hexaazaisowurtzitane (CL-20), all three compounds 
(Figure 2.1) were independently investigated.  
 
Figure 2.1: Nitramine explosives: 1,3,5-trinitro-1,3,5-triazacyclohexane (RDX), 
octahydro-1,3,5,7-tetranitro-1,3,5,7-tetrazocine (HMX) and 2,4,6,8,10,12-hexanitro-
2,4,6,8,10,12-hexaazaisowurtzitane (CL-20). 
The majority of optimization and workup was done with RDX, and subsequently 
applied to the HMX and CL20 systems respectively. Mention will predominately be 
made to RDX, given its similarity to the other nitramine compounds, however the 
chemistry of the reaction between compounds is closely related. 
CHAPTER TWO 
 
28 
 
2.2. Experimental 
2.2.1 Chemicals and reagents 
All chemicals were of analytical grade unless otherwise stated. RDX was obtained 
from the Australian Federal Police (Grade A, Batch R617, 19-12-03). This was kept 
in deionized water and stored at approximately 4 qC. HMX, CL-20, isopropyl nitrate 
(IPN) and pentaerythritol tetranitrate (PETN) (1 mM in ethanol) were supplied by the 
Defence Science and Technology Organisation (DSTO, Australia). Zinc (20-mesh, 
99.8+%) and mercury chloride (99.5%) were obtained from Sigma-Aldrich (St Louis, 
Missouri, USA). Lead dioxide and ethanol (99.8% w/w) were obtained from Ajax 
(Sydney, New South Wales, Australia). Sulfuric acid (98% w/w) was obtained from 
Rhone-Poulenc (Victoria, Australia). Tris(2,2c-bipyridyl)ruthenium(II) chloride 
hexahydrate (≥ 98%) was obtained from Strem Chemicals (Newburyport, 
Massachusetts, USA). Acetonitrile (Isocratic, HPLC grade) was obtained from 
Scharlau Chemicals (Barcelona, Spain). Compounds used in the interference study 
(other than those listed above) were obtained from Sigma-Aldrich. 
2.2.2 Flow injection analysis 
The flow injection system (Figure 2.2) was constructed from a peristaltic pump 
(Gilson Minipuls 3, John Morris Scientific, Balwyn, Victoria, Australia), a two-
position six-port valve (Valco Instruments, Houston, Texas, USA) with a 70 PL 
injection loop, and flow cell comprising of a coil of PTFE-PFA tubing (0.8 mm i.d. 
DKSH, Caboolture, Queensland, Australia) positioned flush against an extended 
range photomultiplier tube (PMT, model 9828SB, ET Enterprises), as previously 
described [136]. The [Ru(bipy)3]3+ reagent was injected into a carrier stream 
(5% H2SO4 in ethanol or acetonitrile) that merged with the sample stream prior to 
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entering the flow cell. The light emitted from the reacting mixture was detected with 
a custom built flow-through chemiluminometer [137]. The output from the 
photomultiplier was documented with a chart recorder (YEW type3066, Yokogawa 
Hokushin Electric, Tokyo, Japan). All responses were obtained by taking the average 
of at least 6 concordant results.  
 
Figure 2.2. Depiction of a flow injection analysis system. The coiled flow cell and 
PMT are contained in light tight housing. 
2.2.3 Stopped flow manifold 
Experiments were performed with a flow manifold (Figure 2.3) consisting of a 
programmable dual syringe pump (model sp201iw, WPI, Glen Waverly, Victoria, 
Australia) and a GloCel chemiluminescence detector (Global FIA, Fox Island, WA, 
USA). The detector incorporated a dual-inlet serpentine-channel reaction zone, 
which enabled the merging of solutions directly in front of the photomultiplier 
module (Electron Tubes model P30A-05) to capture the entire profile of 
chemiluminescence intensity over time. The 10 mL syringes were loaded with (i) 
aqueous 1 × 10-3 M [Ru(bipy)3]3+ reagent in 0.05 M sulfuric acid, and (ii) 1 × 10-5 M 
RDX in ethanol with 5% sulfuric acid. Precise volumes (120 μL) of the reagent and 
analyte solutions were dispensed (167 μL s-1), propelling both solutions into the 
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reaction channel, where the mixture was held for a set period of time. The output 
signal was recorded using an e-corder 410 data acquisition system (eDAQ, Denistone 
East, NSW, Australia). 
 
Figure 2.3. Schematic of a stopped flow manifold  
2.2.4 Modelling chemiluminescence intensity versus time profiles 
The experimental data were fitted to a model comprising the sum of two 
independent components, each based on the ‘double exponential’ description of 
chemiluminescence [138, 139]. This involves two sequential, irreversible, 
pseudo-first-order reactions (A → B → C), where A, B and C represent pools of 
reactants, intermediates and products, respectively, where chemiluminescence 
intensity is proportional to pool B. The corresponding differential rate laws were 
numerically integrated using a first-order Euler method [140, 141]. The parameters 
were varied using a simplex algorithm implemented in the Solver feature in 
Microsoft Excel, until the error ( 2
1
( )N i iiSS Expt Fit  ¦ , where N is the number of 
data points) between the experimental and fitted data was minimized. 
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2.2.5 Preparation of ruthenium chemiluminescence reagent 
The tris(2,2c-bipyridyl)ruthenium(III) reagent was prepared by the addition of 
tris(2,2c-bipyridyl)ruthenium(II) chloride hexahydrate (Ru(bipy)3Cl2.6H2O; 
7.49 u 10-2 g) to 0.05 M sulfuric acid (100 mL), followed by the addition of excess 
lead dioxide (~50 mg), with occasional swirling for 15 min. The flow injection 
analysis experiments were conducted within 45 min of preparing the reagent, which 
was passed through a 0.45 μm nylon filter (Tuffyn membrane; Pall, Cheltenham, 
Victoria, Australia) to remove excess oxidant shortly prior to use. Deionized water 
was obtained using a Continental Water Systems (RO 300, Melbourne, Victoria, 
Australia) complemented by a high purity reverse osmosis system with a Kinetico 
Mach Series pre-treatment system. Where specified, solutions were ultrasonicated 
using an Ultrasonic Cleaner, Type FX14P, 50 Hz (Unisonics, Sydney, Australia). 
2.2.6 Preparation of zinc amalgam 
To an aqueous solution of mercuric chloride (2% w/v, 5 mL), zinc (20-mesh; 1.0g) 
was added [142, 143]. The resulting mixture was gently agitated for 10 min, until the 
solution turned an opaque grey. This solution was decanted off and disposed of, 
whereby the remaining solid was repeatedly washed with deionized water (4 u 5 mL) 
until clear. The zinc amalgam was then activated by decanting the water and 
repeatedly washed with the required solvent containing 5% sulfuric acid (4 u 5 mL). 
The bright and lustrous amalgam needed to be decanted of this solution prior to use, 
whereby the solid clump would be placed into the reaction vessel already containing 
the solution to be reduced. Minor concentration changes would have occurred upon 
addition of the “wet” amalgam; however, this minimal amount of extra media would 
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not have made a significant difference to the concentration, being carried out in at 
least 20 mL portions. 
2.2.7 Preliminary procedures 
In the case of the metal salts tin(II) chloride and titanium(III) sulfate, the reductant 
was dissolved in ethanol or acetonitrile, added to the analyte solution which 
contained 1 mM RDX in ethanol or acetonitrile, and allowed to stand for up to 30 
min. Alternatively, the zinc amalgam and Devarda’s alloy were loaded into a column 
with glass frit and tap. The RDX solution was added into the column, allowed to 
stand for up to 30 min, and then sampled by opening the tap. Aliquots of the reaction 
mixtures or eluted solutions were combined with the chemiluminescence reagent 
using the flow injection analysis system described above. Blank samples were 
obtained by performing the same reduction step on the solvent which contained no 
amount of RDX. 
 
2.3. Results and Discussion 
2.3.1 Preliminary investigations of reducing agents 
McHugh and co-workers [134] previously examined twelve reagents for the 
controlled reduction of RDX. Although the mechanisms of these reactions are yet to 
be elucidated, the identification of several intermediates and products by NMR 
analysis clearly showed that the reduction route was highly reagent dependent. 
Seeking derivatives suitable for the preparation of SERRS active species, 
McHugh et al. [134] identified three promising reactions: reduction by borohydride 
or palladium-catalysed hydrogenation to give hexamethylenetetramine, or reduction 
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by sodium amalgam to give hydrazine. Reduction of RDX with zinc dust to generate 
nitrous acid [144] or ammonia and low molecular weight amines [56] has been 
utilized for spectrophotometric determinations, which were conducted by 
Griess [144] or Berthelot [56] reactions. For the proposed chemiluminescence 
detection, however, the reducing agent must: (i) generate at least one species from 
RDX that elicits intense chemiluminescence with [Ru(bipy)3]3+; (ii) react with the 
analyte at a rate that is suitable for screening purposes; and (iii) either produce no 
light upon reaction with [Ru(bipy)3]3+, or be completely removed with ease from the 
reaction mixture. 
The chemiluminescence response for untreated RDX was found to be minimal 
over all concentrations tested, which included a range of four orders of magnitude 
(from 1 × 10-3 M down to 1 × 10-7 M). An examination was undertaken to treat the 
RDX solution with several promising reducing agents, including tin(II) chloride, 
titanium(III) sulfate, Devarda’s alloy and zinc amalgam (see Table 2.2). Each of 
these reagents have previously been used for the reduction of nitro-compounds [142]. 
The analyte solution treated with tin(II) chloride produced an intense emission with 
[Ru(bipy)3]3+, which was over three orders of magnitude greater than the untreated 
sample, however the response was almost exclusively derived from the reaction of 
[Ru(bipy)3]3+ with excess reductant. Although unfavourable for the detection of 
RDX, this finding was exploited for the first direct chemiluminescence detection of a 
metal ion with [Ru(bipy)3]3+, which has since been applied to the rapid determination 
of tin(II) in dental products [136]. Given the difficulty associated with removing the 
salt from the solution without altering potential intermediates, the process did not 
undergo further exploration. RDX treated with titanium(III) sulfate produced a signal 
that was eight-fold greater than the untreated sample, but again, a significant portion 
(~75%) of the emission was attributed to the excess reductant in the analyte solution. 
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Table 2.2. Chemiluminescence signal with 1 mM [Ru(bipy)3]3+ (aqueous solution 
with 0.05 M H2SO4), using flow injection analysis methodology to merge the 
reduced analyte (or ‘blank’ mixture) with the chemiluminescence reagent. 
Reductant Solvent 
Signal 
(mV) 
Blank 
(mV) 
Signal-to-
blank ratio 
None Ethanol 3.9 7.8 0.5 
None Ethanol 
(H2SO4) 
6.6 3.1 2.1 
Tin (II) Ethanol 26250 26250 1 
Titanium (III) Ethanol 32.1 23.7 1.4 
Devarda’s 
alloy 
Ethanol 10.7 5.5 1.9 
Zn amalgam Ethanol 
(H2SO4) 
171 4.3 40 
 
Unlike the metal salts which are dissolved in the organic media, the solid phase 
alloys did not remain in the sample solution when merged with the 
chemiluminescence reagent, as they are removed prior to analysis. Due to this, only 
minor differences in the signals for the blank solution with and without the reduction 
step were observed. The RDX solutions treated with Devarda’s alloy or the zinc 
amalgam produced greater signals than the untreated analyte. As the zinc amalgam 
provided the greatest increase, being approximately 40-fold with respect to blank and 
26-fold with respect to untreated analyte, it was selected for further investigation. To 
decrease handling time, all further reactions took place in a beaker instead of a 
column. 
2.3.2 Reaction conditions and figures of merit 
To examine the effect of reduction time on maximum chemiluminescence 
intensity, which was derived from the peak height, RDX (5 × 10-5 M) in 100 mL 
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ethanol containing 5% sulfuric acid was treated with the activated zinc amalgam. 
Samples were periodically taken at 3 min intervals by syringe through a 0.45 Pm 
filter and immediately combined with the chemiluminescence reagent using flow 
injection analysis methodology. The intensities were found to increase as aliquots 
were taken over the first 24 min, to remain reasonably steady until 39 min, before 
decreasing to values similar to the blank signal by 90 min. Fresh [Ru(bipy)3]3+  
reagent was generated when required. It should be noted, however, that the reaction 
of each aliquot with the chemiluminescence reagent was, by comparison, very fast – 
the maximum intensity was reached within 2 s under stopped-flow conditions. The 
greatest signals using flow injection analysis were therefore obtained using a short, 
1 cm length of tubing between the confluence point and the detection coil, with 
relatively high flow rates of 3 mL min-1 per line. Additional aliquots removed from 
the reducing mixture at various times and left overnight before combining with the 
chemiluminescence reagent did not elicit a significant response above the blank 
signal. Similar results were observed using acetonitrile rather than ethanol. 
Ultrasonication of the RDX reduction increased the rates of formation of species 
capable of eliciting emission upon reaction with [Ru(bipy)3]3+ (Figure 2.4) [145], due 
to the free release of ions into solution. The greatest chemiluminescence response 
was obtained when the sample was treated with the zinc amalgam and ultrasonicated 
for 12 min. A calibration prepared with nine RDX standard solutions with 
concentrations ranging between 1 × 10-8 M and 1 × 10-4 M showed an approximately 
linear relationship (R2 = 0.9833) between the logarithms of intensity and 
concentration. The reproducibility of the reduction step was reasonable, with a 
relative standard deviation of 8.7% obtained for seven replicates of a 1 × 10-6 M 
RDX standard. Moreover, the relative standard deviation for replicate injections of 
CHAPTER TWO 
 
36 
 
each reduced RDX solution was routinely below 2%. The limit of detection, derived 
from a blank response + 3V, and accounting for the error associated with both the 
off-line reduction and flow injection analysis steps, was determined to be 1 × 10-8 M. 
While this is comparable to systems such as mass spectrometry coupled to various 
separation methods, such as capillary electrophoresis or high performance liquid 
chromatography (3.6 × 10-8 M – 2.3 × 10-7 M) [146], or forward looking infrared 
(300 μg cᴨ-1) [147], it uses far simpler instrumentation. 
 
 
Figure 2.4:  Chemiluminescence intensity for the reaction of [Ru(bipy)3]3+ with 
5 × 10-5 M RDX, after the analyte was reduced with zinc amalgam in a beaker with 
ultrasonication for various periods of time. The small ‘blank’ response was 
subtracted from each signal.  
2.3.3 Chemiluminescence profiles under stopped-flow conditions  
Examination of the entire emission profile of the reaction of [Ru(bipy)3]3+ with 
reduced RDX revealed two distinct phases of the reaction: a sharp rise and fall in 
intensity over the first 10 seconds, followed by a plateau and slow decay to baseline 
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signal (Figure 2.5). Similar chemiluminescence intensity-time profiles were reported 
by He and co-workers [148, 149] when combining binary mixtures of analytes (such 
as oxalic and tartaric acid) with [Ru(bipy)3]2+ and cerium(IV). This suggests that 
there were at least two products of the RDX reduction capable of producing light 
with [Ru(bipy)3]3+. Moreover, a model comprising the sum of two independent 
components, each characterized by the classic ‘double exponential’ description of 
chemiluminescence reactions [138, 139], provided an excellent fit of the 
experimental data (Figure 2.5 and Table 2.3). The relatively long second phase of the 
light-producing reaction with reduced RDX was not observed in the blank signal. 
This suggests that greater signal-to-blank ratios could be obtained by increasing the 
distance between the confluence and detection points of the flow injection manifold, 
which would capture a later portion of the profile. Unfortunately, this would likely 
correspond with a decrease in peak height and sample throughput. 
Table 2.3:  Fitted parameters for the model of chemiluminescence intensity versus 
time profiles for the reaction of 1 × 10-5 M RDX with 1 mM Ru(bipy)33+, under 
stopped-flow conditions, after the analyte was reduced with zinc amalgam for a 
nominated time, as depicted in Figure 2.4.  
Parameter 5 min 12 min 
A0 18.55 41.76 
k1 2.47 1.19 
k2 0.186 0.181 
A0c 11.7 36.00 
k1c 0.0352 0.0337 
k2c 0.0352 0.0337 
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Figure 2.5.  (a) Chemiluminescence intensity versus time profiles obtained under 
stopped-flow conditions when the [Ru(bipy)3]3+ reagent was combined with 
(I) blank solution, (II) RDX after a 5 min reduction step, and (III) RDX after a 
12 min reduction step. (b) Fitted models of profiles II and III, each comprising the 
sum of responses from two major RDX-reduction products capable of producing 
light upon reaction with [Ru(bipy)3]3+. The dotted lines in 3b represent the 
deconvoluted profiles for the contributing species. See Table 2.3 for the individual 
parameters. 
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2.3.4 Comparison with related compounds 
To establish the molecular structural features responsible for the observed response 
from the various products after the reduction of RDX, I tested two closely related 
nitramine explosives (HMX and CL-20; Figure 2.6) and 16 other compounds 
possessing NO2 and/or NH2 groups (Figure 2.7), including those shown in Figure 
2.8. Of these, only HMX and CL20 gave significant responses, being 19% and 159% 
of that observed for RDX at a similar concentration. This occurred when the related 
compounds were subjected to the same zinc amalgam reduction and flow injection 
chemiluminescence detection procedure.  
 
Figure 2.6:  Comparison of chemiluminescence intensities of various energetic 
materials against [Ru(bipy)3]3+. Analytes are all 1 × 10-4 M, in ethanol with 
5% sulfuric acid.  
Examination of the light-producing reactions for the fellow nitramines under 
stopped-flow conditions (Figure 2.5) again revealed that multiple species capable of 
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producing light with the [Ru(bipy)3]3+ reagent were generated in the initial reduction 
step.  
 
Figure 2.7.  Comparison of chemiluminescence response of compounds containing 
nitro- or amino-functional groups against [Ru(bipy)3]3+. Analytes are all in ethanol 
with 5% sulfuric acid, at concentration of 1 × 10-3 M, with the exception of IPN and 
PETN, which are 1 × 10-4 M. Only the structural isomer with the highest 
chemiluminescence response is shown. 
In the case of CL-20, the chemiluminescence-intensity time profiles appeared to be 
more representative of a single light-producing pathway, but I obtained a much better 
fit with a model incorporating two intermediates with distinct rates of reaction. In the 
case of HMX, more complex kinetics was observed, due to a greater contribution 
from species that react at slower rates with the chemiluminescence reagent. No 
significant signal above the blank was observed from any of the other compounds 
tested, with the exception of small responses from 1 × 10-3 M 2,4-dinitrotoluene and 
2,4-diaminotoluene. The blank subtracted responses totalled 14 and 12 mV 
respectively, which was lower than the signal obtained for 1 × 10-7 M RDX (17 mV). 
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Figure 2.8.  Examples of compounds possessing NO2 or NH2 groups that were 
tested with the reduction-chemiluminescence detection procedure. 
 
2.4. Conclusions 
A novel approach to detect RDX and related explosives utilising [Ru(bipy)3]3+ 
chemiluminescence has been established. The procedure exhibits considerable 
selectivity towards nitramine (N-NO2) compounds, with very little or no response 
observed from a wide range of aliphatic and aromatic compounds possessing NH2, 
NO2, O-NO2 and/or N-NH2 groups. Furthermore, it was performed using simple, 
low-cost instrumentation suitable to be scaled-down for at-scene applications. 
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Distinction from potential environmental interferences, such as aliphatic tertiary 
amines, that produce light with this reagent without the zinc amalgam reduction, may 
necessitate some degree of physical separation, but might also be derived from the 
change in emission intensity before and after the reduction step. 
 
A summary of this Chapter is located in ‘Chemiluminescence detection of 1,3,5-
trinitro-1,3,5-triazacyclohexane (RDX) and related nitramine explosives’, Talanta, 
2012, 88, 743-748. 
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3.1. Introduction 
Since the introduction of tris(2,2c-bipyridyl)ruthenium(II) ([Ru(bipy)3]2+) as a 
chemiluminescence reagent in 1966 [15], it has become one of the most widely used. 
It has seen prolific use in the detection of alkaloids, biomolecules, pharmaceuticals 
and controlled drugs possessing tertiary or secondary amines [20, 21, 150-153]. 
Although the applications vary significantly, the detection chemistry is essentially 
based on an initial chemical or electrochemical oxidation of the stable [Ru(bipy)3]2+ 
complex to form [Ru(bipy)3]3+, and subsequent reaction with a suitable analyte or 
analyte oxidation product, to generate the excited state [Ru(bipy)3]2+*, which 
subsequently relaxes to the ground state by emission of a photon (Scheme 1.1): 
The major limitation of this simple redox cycle is the inherently poor stability of 
the [Ru(bipy)3]3+ species, due to its ability to oxidize the solvent when in aqueous 
solution [154]. Several methods can be employed to overcome this problem, such as 
on-line generation of [Ru(bipy)3]3+ at, or immediately prior to, the point of detection, 
either on an electrode surface, or by merging with a stream of oxidant solution [20, 
21, 150-153]. These approaches have several drawbacks, despite the processes 
extensive use in flow analysis [152]. The extra instrumentation required for 
electrochemical oxidation suffers from electrode fouling, particularly when used in 
conjunction with the continuous and widely variable conditions seen in liquid 
chromatography. Furthermore, an incomplete generation of [Ru(bipy)3]3+ is observed 
in on-line chemical or electrochemical oxidation. This can reduce sensitivity by 
allowing possible side reactions between oxidant and analyte to take place [155]. In 
other cases, however, the reaction between the analyte or the electrode surface, rather 
than with [Ru(bipy)3]3+, can be the dominant pathway to intermediate generation that 
reduces [Ru(bipy)3]3+ to the electronically excited emitting species. This includes the 
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chemiluminescence reaction of certain organic acids with [Ru(bipy)3]2+ and Ce(IV) 
[156], as well as co-reactant electrochemiluminescence systems with relatively low 
concentrations of [Ru(bipy)3]2+ [157].  
The alternative to this method has been to generate [Ru(bipy)3]3+ off-line in acidic 
solution using solid lead dioxide, which must be filtered off immediately prior to 
analysis [152]. This off-line method has been successfully utilized for highly 
sensitive detection in flow injection analysis and rapid HPLC separations. However, 
it is labour intensive and not appropriate for extended periods of use, due to 
degradation of the [Ru(bipy)3]3+ back to the [Ru(bipy)3]2+ starting to occur within 
approximately 30 min of oxidation, meaning that constant regeneration is required. 
The challenge thus far has been to produce a [Ru(bipy)3]3+ reagent with long term 
stability that is suitable for chemiluminescence detection, eliminating the need for 
constant regeneration. 
A previous attempt to address this issue involved increasing the concentration of 
sulfuric acid to 2.0 M, which supposedly lowered the rate of reaction between the 
reagent and solvent [154]. Although this reagent afforded analytically useful 
chemiluminescence with codeine over a 280 hour period of continuous use, there was 
significant variation in signal intensity, with high concentrations of buffer being 
required in the analyte solution. Another approach involved a re-circulating system, 
in which the reagent stream was repeatedly passed through a filter device containing 
immobilized lead dioxide to an FIA injection port loop [154]. This eliminated the 
need to use a buffer in the chemiluminescence reaction, and the response with 
codeine only varied by 14% over a 90 hour period. This approach however, is not 
suitable for post-column detection, where a constant stream of reagent is required. A 
further attempt involved the synthesis of a tris(2,2c-bipyridyl)ruthenium(III) 
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perchlorate salt, which was then dissolved in anhydrous acetonitrile [158]. This 
method had a decrease in reagent concentration of less than 6% over a 50 hour 
period, verified by spectrophotometric experiments. Despite being a significant 
improvement on previous attempts, this approach has not gained widespread 
acceptance. This is presumably due to the relatively complicated synthesis, which 
involves chlorine gas generation, and the inconsistencies observed with 
batch-to-batch variation. 
The following Chapter discusses the synthesis of two new, conveniently prepared, 
stable [Ru(bipy)3]3+ reagents, for chemiluminescence detection in flow analysis 
techniques, such as liquid chromatography. It was postulated that for the long term 
goals of this project, elimination of water entirely from this system would be 
advantageous; due to the conventional ruthenium reagents well documented 
incompatibility with water. One of the reagents is used in an aprotic solvent, with the 
other being in a protic non-aqueous solution. The reagents are evaluated in terms of 
temporal stability and capacity to elicit analytically useful chemiluminescence in 
comparison with conventional [Ru(bipy)3]3+ solutions. These reagents are also used 
to further investigate the reduction procedure described in Chapter 2. 
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3.2. Experimental 
3.2.1 Chemicals and reagents  
Deionized water (Continental Water Systems, Victoria, Australia) and analytical 
grade reagents were used unless otherwise stated, obtained from the following 
sources: [Ru(bipy)3]Cl2·6H2O from Strem Chemicals (Minnesota, USA); glacial 
acetic acid, hydrochloric acid (32%) and perchloric acid (70%) from Univar (New 
South Wales, Australia); lead dioxide, sodium perchlorate and sodium thiosulfate 
from Ajax (New South Wales, Australia); acetonitrile from Burdick & Jackson 
(Michigan, USA); sulfuric acid from Merck (Victoria, Australia); acetic anhydride 
from Scharlau (Barcelona, Spain); calcium hypochlorite from Hy-Clor (New South 
Wales, Australia); and dextromethorphan, enrofloxacin, furosemide, 
hydrochlorothiazide, ofloxacin, potassium oxalate, phosphorus pentoxide, 
trifluoroacetic acid from Sigma-Aldrich (New South Wales, Australia). Energetic 
materials were supplied by Defence Science and Technology Organisation 
(Edinburgh, Australia). Codeine, ethylmorphine and thebaine were provided by 
GlaxoSmithKline (Victoria, Australia). 
3.2.2 Flow injection analysis 
A conventional FIA manifold with a chemiluminescence detector was constructed 
in our laboratory, as described in section 2.2.2 [136]. The only difference from 
section 2.2.2 is that the output from the photomultiplier tube is now being detected 
with an e-corder 410 data acquisition system (eDAQ, NSW, Australia), and not with 
a chart recorder. All responses were obtained by taking the average of at least 6 
concordant results. 
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3.2.3 Preparation of chemiluminescence reagents 
3.2.3.1  Reagent A 
This well-documented approach [152, 159] involved the addition of PbO2 (0.2 g 
per 100 mL) to an aqueous solution of [Ru(bipy)3]Cl2.6H2O in 0.05 M H2SO4, 
followed by stirring for 5 min, after which it became emerald green in colour. This 
reagent is commonly used in FIA, where small quantities of solution can be oxidized 
immediately prior to use, where the procedure can be completed before significant 
degradation of the reagent occurs [152]. It is not ideal for use over extended periods 
of time, such as those required for HPLC with post-column chemiluminescence 
detection. 
3.2.3.2  Reagent B 
This reagent was prepared using a previously described method [158], in which 
400 mg of [Ru(bipy)3]Cl2.6H2O was dissolved in a minimum amount of water 
(~6 mL) at room temperature. Chlorine gas, which was generated by the dropwise 
addition of HCl (32%) to Ca(ClO)2 (70% w/w), was bubbled through the solution 
until it turned from orange to dark green. Following this colour change, 200 mg of 
NaClO4 was added directly to the solution, whereupon the mixture was thoroughly 
mixed and placed in an ice bath for 5 min. The resultant green [Ru(bipy)3](ClO4)3 
precipitate was vacuum filtered, washed twice with ice water (~2 mL), and finally 
dried over phosphorus pentoxide for at least 24 hours. The reagent solution was then 
prepared by dissolving the crystals in dry acetonitrile, with 0.05M perchloric acid. 
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3.2.3.3  Reagent C 
This method is very similar in principle to synthesis of reagent B, however, the 
perchlorate salt is produced via a metathesis reaction between [Ru(bipy)3]Cl2 and 
NaClO4 prior to its oxidation. To achieve this, 400 mg of [Ru(bipy)3]Cl2.6H2O was 
dissolved in a minimum amount of water (~6 mL) at room temperature. Solid 
NaClO4 (200 mg) was added to the solution, which was thoroughly mixed and then 
placed in an ice bath to rest for 5 min. The [Ru(bipy)3](ClO4)2 precipitate was 
filtered, washed twice with ice water (~2 mL) and dried over phosphorus pentoxide 
for a minimum of 24 hours. The reagent solution was prepared by dissolving the 
product in acetonitrile containing 0.05 M HClO4 (using 70% HClO4). Oxidation was 
then achieved by the addition of lead dioxide (0.2 g per 100 mL), followed by 
stirring for 1 min, to allow formation of [Ru(bipy)3]3+. It is noteworthy that this 
oxidation occurs more rapidly, while the solution colour is more blue-green than the 
other reagents described in this Chapter. 
3.2.3.4  Reagent D 
The [Ru(bipy)3]Cl2.6H2O was dissolved in 95:5 glacial acetic acid:acetic anhydride 
containing 0.05 M H2SO4. Any water present in this reagent is eliminated by reaction 
with acetic anhydride, which is in excess, resulting in a dry media. Lead dioxide 
(0.2 g per 100 mL) was added and the solution was stirred for 5 min until it changed 
to blue-green, signifying the formation of [Ru(bipy)3]3+. 
3.2.4 UV/Visible absorption 
Spectra were obtained using a Cary 300 Bio UV-visible spectrophotometer 
(Varian, Mulgrave, Australia) with 10 mm pathlength, in sealable quartz cuvettes 
(Starna, Baulkham Hills BC, NSW, Australia). The stability of the reagents 
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(1 × 10-3 M) was assessed by monitoring the peak corresponding to the 
ruthenium(III) state over time [155]. In the case of reagents A, C and D, the oxidized 
complex was filtered (0.45 μm, Millipore MillexHN Nylon) to remove PbO2, 
immediately prior to placing the solution into a cuvette within the spectrophotometer. 
3.2.5 Sequential injection analysis 
Changes in chemiluminescence intensity for the reaction of each [Ru(bipy)3]3+ 
reagent (1 × 10-3 M) with codeine (1 × 10-7 M) over time was established using an 
automated sequential injection analysis system (Figure 3.1) [160]. Reagent, analyte 
and carrier solutions were aspirated with a milliGAT pump (Global FIA) through a 
multi-position valve (model C25Z, Valco) and chemiluminescence detector with a 
flow cell comprising of a coil of transparent PTFE tubing and red-sensitive 
photomultiplier tube (Electron Tubes Model 9828SB; ETP, Ermington, NSW, 
Australia). The pump and valve were controlled via a LabJack U12 data acquisition 
board, using software written in LabVIEW 8 [160], which was also used to record 
the output from the photomultiplier tube. The system was programmed to repeatedly 
aspirate 50 μL of reagent (valve position 1; 167 μL/s), 1500 μL of codeine solution 
(position 2; 167 μL/s), and 1000 μL of deionized water (position 3; 100 μL/s), with a 
60 min pause after every fifth cycle. 
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Figure 3.1.  Schematic for a sequential injection analysis manifold 
 
3.3. Results and Discussion 
3.3.1 Reagent stability 
The relative stability of each [Ru(bipy)3]3+ reagent was assessed by monitoring its 
visible absorbance over time. As shown in Figure 3.2, the absorption for Reagent A 
was reduced to approximately 50% of its initial value after 5 hours, with the profile 
reaching a constant low level by 24 hours. In contrast, reagents B-D exhibited much 
greater stability over the 48 hour period of investigation. Reagent B decreased by 
approximately 3%, which is similar to previous observations from our research 
group [158], where [Ru(bipy)3](ClO4)3 prepared in acetonitrile showed a less than 
6% decrease in absorbance over 50 hours. Reagent C exhibited the best stability, 
decreasing by only 2%, with reagent D decreasing by 5.8%. 
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Figure 3.2.  Absorbance versus time measurements for [Ru(bipy)3]3+ (1 × 10-3 M): 
Reagent A (694 nm); B (674 nm); C (674 nm); and D (705 nm). 
The assessment of the reagents’ stability was also conducted by examining their 
respective chemiluminescence intensities upon reaction with a standard of the model 
analyte codeine, using routine sequential injection analysis (SIA). The reagent, 
analyte and carrier solutions were sequentially aspirated through a 
chemiluminescence detector, pausing for 60 min after every fifth cycle. Fast 
chemiluminescence reactions are well-suited to this approach, as mixing of the 
solutions prior to entering the flow cell is minimized, which enables for a greater 
proportion of the emitted light to be detected [160].  
These experiments were initially conducted after the lead dioxide had been filtered 
off from reagents A, C and D, however this resulted in a decrease in 
chemiluminescence intensity for these reagents over time. A corresponding colour 
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change from blue-green to yellow-green was observed with this approach [161]. A 
likely cause of this change was the presence of slow reacting organic impurities in 
the reagents and on the surfaces of glassware, not present in the quartz cuvettes used 
in the previous spectrophotometric experiments. To overcome this problem, the PbO2 
was left in the reagents to maintain high levels of the trivalent complex. This causes 
a compact layer of PbO2 to settle to the bottom of the cuvette, which occurs quickly 
when conducted in the non-aqueous solvents of reagents C and D. To ensure no PbO2 
was aspirated, a 0.45 μm filter was placed in-line. For Reagents C and D, this 
approach resulted in solutions that visibly remained the same blue-green colour for 
more than six months. 
As demonstrated in Figure 3.3, the chemiluminescence response for each reagent 
over time showed a similar trend to the previously described absorption 
measurements (Figure 3.2). Reagent A again exhibited an exponential decay in 
signal, with only 50% of the original chemiluminescence intensity upon reaction 
with codeine observed after 5 hours, which further decreased to only 10% after 24 
hours. This is due to the solvents tendency to be oxidized, as discussed in section 3.1. 
Reagent B exhibited reasonable stability, with a 12% decrease in response over 48 
hours, with a corresponding change in the appearance of the reagent solution to a 
yellow-green colour. This highlights one of the major problems associated with 
Reagent B – that being the slow reaction of [Ru(bipy)3]3+ with trace amounts of 
water present in the acetonitrile. Reagents C and D showed excellent stability over 
the 48 hours. For these reagents, reduction of the complex by traces of water and 
organic impurities is prevented by the layer of PbO2. 
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Figure 3.3.  Chemiluminescence response versus time for the reaction of each 
[Ru(bipy)3]3+ reagent (1 × 10-3 M) with codeine (1 × 10-7 M), generated using SIA. 
It is also worth noting that the colours of reagents A-D are all different. As can be 
seen in Figure 3.4, Reagents C and D exhibit very similar UV-Vis profiles. While 
these profiles do not determine excitation wavelength, they do help in determining 
when a reagent is fully oxidized, and therefore viable for use in analyses. 
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Figure 3.4.  Absorption spectra (580-800 nm) for the [Ru(bipy)3]3+ reagents. 
3.3.2 Analytical performance 
The ability of Reagents B, C and D to provide analytically useful 
chemiluminescence in comparison to the more traditional Reagent A was 
investigated using FIA methodologies.  A range of previously studied analytes [155, 
162-166] were individually injected into a deionized water carrier stream that merged 
with the reagent. When normalizing the chemiluminescence response with respect to 
Reagent A (Figure 3.5), differences in selectivity between each reagent became 
apparent. Reagent D produced the lowest responses across all analytes tested. 
Reagents B and C, both of which are prepared in acidic acetonitrile (made to 0.05 M 
perchloric acid), gave responses between 1.5- and 3.5-fold of those obtained by using 
Reagent A, for the analytes codeine, cysteine, dextromorphan, enrofloxacin, 
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furosemide and tripropylamine, however a diminished response was observed for 
ofloxacin and hydrochlorothiazide. 
 
Figure 3.5.  Normalized chemiluminescence responses for the reaction of selected 
analytes (5 × 10-6 M) with [Ru(bipy)3]3+ reagents (1 × 10-3 M), generated using FIA 
methodologies. Values determined from an average of 6 replicates. 
Calibration functions were prepared for enrofloxacin, furosemide and ofloxacin. 
These compounds were selected because they exhibited high, medium and low 
responses respectively. As the chemiluminescence response of the [Ru(bipy)3]3+ is 
highly dependent on the reaction environment [20, 21, 150-153], a series of 
univariate searches was performed on several parameters, which included the reagent 
and acid concentrations, as well as the optimum flow rate. This investigation 
encompassed each reagent/analyte pair, and was carried out prior to establishing 
analytical figures of merit. The optimal signal for each reagent was obtained when a 
1 × 10-3 M reagent solution containing 0.05 M of an appropriate acid (H2SO4 or 
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HClO4) was delivered at a flow rate of 2.5 mL min-1 per line. The limits of detection 
(summarised in Table 3.1), show that no one reagent has superior sensitivity with all 
analytes. The relative intensities shown in Figure 3.5 reflect those seen previously, 
with reagent D giving the poorest limits of detection. 
Table 3.1.  Limits of detection (3σ) for 3 selected analytes against reagents A-D. 
Reagent Enrofloxacin Furosemide Ofloxacin 
A 7 × 10-8 M 1 × 10-8 M 1 × 10-8 M 
B 3 × 10-8 M 3 × 10-8 M 4 × 10-8 M 
C 3 × 10-8 M 3 × 10-8 M 3 × 10-8 M 
D 8 × 10-8 M 4 × 10-8 M 7 × 10-8 M 
 
3.3.3 Application to energetic materials 
The utility of the four reagents to be used in conjunction with the energetic 
materials reduction strategy, previously described in Chapter 2, was investigated. 
Identical reaction conditions, with the only exception being the choice of 
[Ru(bipy)3]3+ reagents, allowed for the optimal reagent to be determined. As can be 
seen in Figure 3.6, reagents B and C exhibit similar chemiluminescence intensities, 
with intensities between compounds only varying by up to 7%. This result is 
consistent with the initial screening described previously. 
Given the simplistic preparation of reagent C, it is easy to see why its use is 
preferable to reagent B, whose synthesis requires the generation of chlorine gas with 
subsequent gas neutralization. These two reagents show great superiority when 
compared to the well-established and commonly used reagent A. Not only do they 
provide greater signal intensities, they also have a far longer lifespan. This allows for 
their continual use within the laboratory without having to constantly regenerate the 
desired reagent.  
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Figure 3.6.  Comparison of Reagents A-D against nitramine compounds at 
1 × 10-5 M. All analytes are in 5% sulfuric acid in ethanol. Values determined from 
an average of 6 replicates. 
Reagent D again gave the poorest performance with all analytes. It is presumed 
that the excessively high acid content does not allow for signal intensities to rival 
those of reagents A-C. It has long been thought that a high acid content will lower 
emission, something that has been seen for a long time within our laboratory [167]. 
When the reagent conditions were previously optimized for either sulfuric or 
perchloric acid, it was noted that they had a steady decrease once their concentration 
exceeded 0.05M [167]. While the acid used in this system is far weaker in relative 
strength, there is a far higher proportion of it present. 
  
3.4. Conclusions 
Two new [Ru(bipy)3]3+ reagents (C and D) for chemiluminescence detection were 
prepared. The first was achieved by dissolving [Ru(bipy)3](ClO4)2 in acetonitrile 
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(containing 0.05 M HClO4), with the other being prepared by dissolution of 
[Ru(bipy)3]Cl2.6H2O in 95:5 glacial acetic acid:acetic anhydride (containing 
0.05 M H2SO4). The use of these reagents requires oxidation by, with subsequent 
filtering of, PbO2. Unlike the conventional aqueous reagent, the new reagents were 
exceedingly stable, which allows for extended periods of analysis without the need 
for constant re-calibration or preparation of fresh reagent, thus overcoming a 
significant limitation of [Ru(bipy)3]3+ chemiluminescence detection. Reagent D, 
however, produced lower signal intensities than the other reagents, presumably due 
to its high acid content. Of the reagents evaluated, reagent C was found to be most 
suitable for the greatest number of analytes tested. Its preparation is more 
convenient, safe and reproducible than the previously described acetonitrile 
[Ru(bipy)3]3+ reagent B. Furthermore, it is far less susceptible to degradation due to 
organic impurities or traces of water in the reagent solution. The use of these highly 
stable reagents will enhance the exploration of chemiluminescence in non-aqueous 
media, where redox potentials differ from those under aqueous conditions, to derive 
analytically useful changes in selectivity and sensitivity. The use of the novel 
reagents has also shown increased performance when used in conjunction with the 
energetic materials reduction strategy, thus increasing its analytical application. 
Work contained within this Chapter contributed to the publication ‘Stable (2,2ʹ-
bipyridine)ruthenium(III) for chemiluminescence detection’,  Analytical Chemistry, 
2011, 83, 5453-5457. 
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4.1. Introduction 
As has been discussed in previous Chapters, the attempted reduction of nitramine 
compounds often results in either no reaction, or complete degradation [104]. The 
difficulties thus far have been to reduce the nitramine compound to a species able to 
elicit chemiluminescence when reacted with the ruthenium complex. Difficulties 
arise due to the nitramines inherent propensity to decompose rapidly. The goal of 
current methodologies has transitioned towards greener, more environmentally 
friendly reaction conditions. Given the success of the zinc amalgam discussed at 
length in Chapter 2, and the toxic attributes of said conditions, a new suite of reaction 
conditions was investigated towards such an end. This modified approach attempts to 
again utilize a chemiluminescence response elicited by a reaction intermediate 
created by a successful reduction of the nitramine to an azo derivative. The reduction 
of the nitramine group to the azo derivative has been selected as the target due to the 
past success with ruthenium-based chemiluminescence. 
When looking at the three compounds, RDX, HMX and CL20 (see Figure 2.1, 
page 25), there are three, four and six potential hydrazine reduction products 
respectively. Given their similar chemistry, it is hoped that they will undergo 
comparable derivatization forming effectively analogous products. Of the three 
hydrazine products from RDX, the 1,3,5-triamino-2,4,6-hexahydro-s-triazine has 
been reported previously [168, 169], however not from a successful reduction of 
RDX. The formation of the aforementioned product has been from a reaction of 
formaldehyde and hydrazine [168], or from the reduction of trinitrosamine [169]. 
With both methods, the trihydrazine derivative has a strong tendency to decompose 
in the presence of strong acids, which would create problems when attempting to 
react with the ruthenium complex reagent in the presence of a strong acid. This step 
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can be overcome by stabilization of the trihydrazone, through condensation with 
various reagents, such as salicylaldehyde. However, this then again creates problems 
with the chemiluminescence detection, with laborious and time consuming workup 
required prior to analyses. 
There are relatively few reports of the reduction of secondary nitramines, despite 
the fact that there have been a multitude of methods describing the reduction of 
aliphatic and aromatic nitro functional groups. The products obtained from a 
successful reduction of nitramines are highly dependent upon the reaction conditions. 
When vigorous conditions are employed, the result often yields secondary amines 
and ammonia, with cleavage of the N-N bond [170]. This approach is thought to be 
undesirable for the chemiluminescence detection that this methodology provides. 
Conversely, milder conditions generally preserve the N-N bond, giving products that 
mimic hydrazine at their core [171]. Given hydrazines long history with 
[Ru(bipy)3]3+ chemiluminescence [172], it is thought that using this milder approach 
would be more conducive to successful detection. There have also been reports of 
reduction of nitramines to hydrazines with subsequent detection by Surface 
Enhanced Resonance Raman Scattering (SERRS) [134]. In this, it was shown that a 
coloured derivative of RDX could be produced allowing for the detection of 10 
femtomoles of RDX. 
As well as 1,3,5-trinitroso-1,3,5-hexahydro-s-triazine, the related compound 
nitroguanidine has previously been reduced to the corresponding hydrazine by use of 
sodium amide in liquid ammonia with 70% yield [173]. Both of these compounds 
have been reduced by zinc in acetic acid to various unstable hydrazine derivatives, 
which were then further characterized after being stabilized with an aromatic 
aldehyde [169, 174]. This approach of stabilization has been attempted with various 
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forms of nitramine reduction, however the resulting NMR spectra are difficult to 
interpret. 
Reductions involving electrolysis often result in the formation of similar products 
to those obtained when employing cathodes made of high voltage materials, such as; 
copper, cadmium, lead, zinc or mercury [170]. As an example, when looking at the 
electrolysis of a number of nitramines in 10% sulfuric acid over copper or lead 
cathodes, it can be seen that N-nitrodimethylamine is converted to 
N,N-dimethylhydrazine in 69% yield and N-nitropiperidine is reduced to 
N,N-pentamethylenehydrazine in 54% yield [175]. When using the same conditions 
substituting in a tin cathode, nitroguanidine is converted to aminoguanidine in 71% 
yield. Electrochemical reduction has been reported for several nitramines, utilising 
amperometric detection, however no reduction products have been isolated or 
characterized [176, 177].  
Another convenient method for preparing hydrazine derivatives from nitramines is 
hydrogenation. Several methods have been employed to reduce nitroguanidine and 
nitrosoguanidine to aminoguanidine, such as hydrogenation over Raney nickel in 
acetic acid and methanol respectively [170]. Methyl-nitroguanidine has also been 
catalytically hydrogenated to methyl-aminoguanidine using PtO2 suspended in 
aqueous acetic acid [178].  
A relatively recent addition to the chemist’s arsenal for metal hydride reduction of 
nitro compounds [179, 180], was the introduction of the borohydride exchange resin 
(BER), by Gibson and Bailey [181]. One particular BER of interest is the quaternary 
ammonium borohydride supported on the ion exchange resin Amberlite IRA-400. In 
the presence of the transition metal salts which form their core, BERs are much more 
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stable in alcoholic media than their ancestor sodium borohydride [182], without 
losing any effectiveness in reduction of nitro groups, also proceeding almost 
quantitatively [179]. The added benefit of using the BER over the sodium 
borohydride, is the fact that the boron groups remain mounted on the resin following 
a reaction, which means that subsequent workup requires a simple filtration to yield 
what are essentially pure products. The reduction of several aliphatic and aromatic 
nitro compounds has been demonstrated using BER-Ni(OAc)2 in high 
yield (> 90%) [179]. Work by Lee, Sim and Yoon showed that by using BER-CuSO4 
in methanol, it was possible to quantitatively reduce both straight chain and cyclic 
nitrosamines to their corresponding secondary amines [183].  
In this Chapter, several more environmentally friendly reduction strategies were 
investigated to detect nitramine compounds at a range of concentrations, as well as 
looking at improvements to methods already employed. These reduction strategies 
include hydrogenation with H2/C, BER, zinc/acetic acid and a modified zinc 
amalgam.  
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4.2. Experimental 
4.2.1 Chemicals and reagents 
RDX, HMX and CL20 were obtained courtesy of the Defence Science and 
Technology Organisation (DSTO) and were used as received, or transferred into 
other media. All other chemicals were supplied by Sigma-Aldrich unless otherwise 
stated, and were used as received. Zinc oxide (99.5%) was procured from Ajax 
Chemicals (Sydney, Australia). Carbon (graphite, 325 mesh, Lot K19G) was 
obtained from Johnson Matthey (Alfa Products, MA 01923 USA). 
1H NMR spectra were recorded on a JEOL Eclipse JNM-Ex 400 MHz NMR 
spectrometer with the appropriate solvent peak as a reference. Flow injection 
analysis was conducted using instrumentation described previously (see section 
3.2.2). Reactions described were conducted with RDX, HMX and CL20 respectively; 
however, to simplify details, the methods described give masses, amounts and NMR 
spectra for the reactions involving RDX only. A similar number of moles of HMX 
and CL20 were used in their respective reactions. These reactions were also 
conducted using lower concentrations of the chosen analyte. 
4.2.2 Hydrogenation with H2/Pd(C) 
A system was setup to perform the hydrogenation, in which three lines came off of 
the reaction vessel. The first line was a vacuum, the second a nitrogen line and the 
final line hydrogen. To the stirring solution of RDX (0.022 g, 0.1 mmol) in dry THF 
(10 ml), the Pd(C) (catalytic) was added. Following vessel charging, the system was 
purged of air and filled with nitrogen. The system was then purged again and filled 
with nitrogen, which was then repeated several times, to eliminate trace levels of 
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oxygen. With the system now under vacuum, the hydrogen atmosphere was created. 
The resulting suspension was hydrogenated under slightly higher than atmospheric 
pressure (to maintain positive pressure resulting in hydrogen being forced into 
solution, a rubber band was stretched over the outside of the balloon), for 2 hours. 
The excess palladium was removed by a quick filtration through celite, affording a 
clear solution. A portion of the solution was used to determine viability of the 
product with ruthenium chemiluminescence. This was divided into two portions, one 
of which to be analysed as is, the other to have sulfuric acid added to it to bring it to 
a concentration of 0.05 M, to match the chemiluminescence reagent. Furthermore, 
analysis of the solution was simultaneously performed using 1H NMR techniques. 
Isolation of the products from this reaction was not possible owing to their unstable 
nature. The products from RDX hydrogenation were identified through a comparison 
of the literature data reported for the same compounds [184].  
4.2.3 Borohydride exchange resin 
To a solution of Ni(OAc)2 (0.038 g, 0.15 mmol) in methanol (10 mL), borohydride 
exchange resin (2.000 g, 4.5 mmol) was added. The reagents were allowed to 
stabilize for approximately 1 min, whereupon RDX (0.022 g, 0.1 mmol) was added, 
with the resulting suspension being stirred for a further 30 min at room temperature. 
Borohydride exchange resin (2.000 g, 4.5 mmol) was again added to the reaction 
mixture and stirred for a further 3 hours. 1H NMR spectra from aliquots of the 
reaction mixture were recorded over the 3 hour period. The initial measurement, at 
0 min was taken from an aliquot sampled immediately prior to the nitramine being 
added to the BER solution. Measurements were then taken from additional aliquots 
every 10 min, for a period of 1 hour. Two final measurements were made after 2 and 
3 hours respectively, which led to the confirmation of complete nitramine 
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consumption. Each aliquot was filtered prior to analysis to ensure sample 
homogeneity. 
4.2.4 Zinc/acetic acid 
A slurry of zinc powder (1.500 g) was made in water (5 ml) and stirred until 
cooling to 0 ºC in an ice bath, to which RDX (0.1 g, 0.45 mmol) was added. The 
addition of 50:50 acetic acid/H2O (10 ml) occurred dropwise over the course of 
20 min. After the complete addition of the acid, the resulting solution was heated 
slowly to 40 ºC, with stirring for a further 15 min. Excess zinc solid was removed by 
vacuum filtration. One of two steps were undertaken to test the resulting solution. 
The first involved the direct analysis of the resulting solution against ruthenium 
reagent C under standard flow injection analysis conditions. The second approach 
involved washing the solution first with ethyl acetate (20 ml), and then with water 
(20 ml), to afford a clear solution. This was then extracted with NaCl (4 u 10 ml) and 
dried over sodium sulfate. The organic layer was subsequently neutralized by 
dropwise addition of NaOH (1 M), and to this, a solution of o-nitrobenzaldehyde 
(0.300 g, 2.0 mmol) in methanol (10 ml) was added in a dropwise manner. The 
solution was stirred at room temperature for 12 hours to afford a yellow precipitate, 
which was collected by vacuum filtration and dried. The filtrate was removed in 
vacuo and washed with a small volume of cold methanol before drying, to yield a 
yellow/green powder. 1H NMR (DMSO-d6) 5.74 (3H, s, CH=N), 7.30 (3H, d, 
J = 15.90 Hz, CH2), 7.71 (3H, t, J = 8.34, 7.21 Hz, ArH), 7.83 (3H, t, J = 7.87, 
7.29 Hz, ArH), 7.95 (3H, d, J = 7.80, 7.60 Hz, ArH), 8.05 (3H, d, J =15.90 Hz, ArH), 
8.10 (3H, d, J = 8.20 Hz, ArH). m/z (FAB) 531.16354 [C24H21N9O6 (M)+ < 3.9 ppm]. 
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4.2.5 Zinc amalgam (miniaturized) 
To a clean mortar, a mixture of 63% (wt.) zinc oxide and 37% (wt.) graphite was 
added. This was ground for 20 min until a consistent powder was obtained. This 
mixture was added to an aluminium boat, where it was placed in an aluminium tube 
to be placed in a furnace (Carbolite Eurotherm, serial 5/85/587, Sheffield, England). 
The furnace was heated from room temperature to 1000 °C over a 36 min period, 
where it was then held for 120 min. Argon gas flowed through the system at 
500 mL min-1 before passing through a water trap. Visible formation of zinc solid 
was observed at 880 °C. The furnace was allowed to cool for 3 hours before 
collection of the zinc microparticles took place.  
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4.3. Results and Discussion 
4.3.1 Hydrogenation with H2/Pd(C) 
The hydrogenation of nitramines was completely achieved within 2 hours using 
atmospheric pressure of hydrogen utilising palladium on carbon, with a number of 
characterized products, some of which have been identified. These were identified 
from a comparison of the spectroscopic data reported elsewhere for similar 
derivatives. These intermediate reduction products were identified by NMR, but 
proved to be unstable over time, degrading to form stable end products. 
The primary reduction product was identified as the mono-denitrated derivative 1, 
which given its lone secondary amine, is likely to be responsible for the small 
chemiluminescence response obtained (Figure 4.1). The secondary reaction products 
containing the di- and tri- secondary amines (2 and 3) are potential candidates for the 
chemiluminescence response obtained, however this cannot be conclusively verified 
at the present time. Given their lower concentrations, estimated by comparing 
relative NMR peak strengths, and taking into account those other species present, 
does lend strength to this claim. Identification of the tri-denitrated and bicyclic 
nonane 6 derivatives were achieved through comparison of work conducted by 
Nielsen et al. for similar compounds [184].  
Isolation of the initial reduction products was attempted, but given the inherent 
instability of said compounds, this was not achieved. When these were left to stand 
in solution, a decomposition of these products was observed by NMR spectroscopy. 
The decomposition of products was rapidly accelerated when the solvent was 
removed, resulting in a complex mixture unable to be comprehensively 
characterized. A stable decomposition product found in this mixture, identified 
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through comparison of Nielsen et al.’s work, was postulated to be 
hexamethylenetetramine 4 [184]. It is possible that some of this may be formed in the 
time taken to filter the system and subsequently be introduced into the FIA 
methodology, resulting in the small chemiluminescence signal obtained, given 
hexamethylenetetramines inclination to interact favourably with ruthenium 
complexes. As hexamethylenetetramine is a result of the degradation of products, it 
is not known what concentration this may be in when the detection process is 
undertaken.  
 
Figure 4.1.  Reduction pathway for RDX by hydrogenation 
The bicyclic nonane derivative was able to be isolated from the mixture as a pale 
yellow crystalline material, whose identity was confirmed using NMR and compared 
to data obtained by Nielsen et al. [184] This formation can be explained by previous 
work conducted by Lamberton on the generation of the bicyclic nonane [185], which 
shows the decomposition of the primary reduction product, the mono-denitrated 
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derivative, to form methylenedinitramine 5, ammonia and formaldehyde. Cooney 
suggested that in the reaction conducted by Lamberton, nitramide was formed from 
the decomposition of methylenedinitramine [186], when put in the presence of other 
reagents formed the bicyclic nonane. The confirmed presence of this compound is 
significant, as it provides additional evidence that the primary reduction product is 
the mono-denitrated compound. 
The pathway involved in the reduction of nitramines via hydrogenation can be seen 
to occur in several steps. The first being the removal of a single nitro functional 
group. The second stage can be seen to be in one of two ways; either further removal 
of the remaining nitro components, or ring degradation. In the first case, it is likely 
that these products collapse to formaldehyde and ammonia, and combine with the 
tri-denitrated compound to give hexamethylenetetramine [187]. The second case, can 
be postulated to form methylenedinitramine upon ring opening, which goes on to 
combine with formaldehyde and ammonia to form the bicyclic nonane species [170, 
187]. 
When considering the data obtained through FIA methodology, whereby a small 
chemiluminescence response was observed, it can be argued that small amounts of 
hexamethylenetetramine would be present at the time of reaction, or a small amount 
of the bicyclic nonane. It cannot be conclusively stated at what concentrations these 
differing species may be at the time of analysis. In stating this, it is not thought that 
hexamethylenetetramine would be present in high concentrations, given the internal 
presence of four tertiary amines, which is known to elicit intense chemiluminescence 
with [Ru(bipy)3]3+. It is also assumed that the levels of the bicyclic nonane would not 
be high, following the same logic of containing multiple tertiary amine moieties. The 
remaining reduction products, all contain either primary or secondary amines, long 
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known to be less effective with [Ru(bipy)3]3+ than tertiary. This would explain the 
relatively low responses obtained when tested against reagents A and B.  
It was also thought that the solutions being tested against [Ru(bipy)3]3+ may be 
enhanced with the presence of a small amount of acid, to give the analyte stream the 
same acid concentration as the ruthenium reagent. This however, did not appear to 
make a significant difference, with a slight enhancement when not using the acid 
addition (Figure 4.2). The size of the nitramine also seemed to have a direct 
relationship with the response obtained. Across the range of concentrations, and 
using both reagents, RDX gave the highest response, with CL20 providing the 
lowest. It is interesting to note that reagent C gave comparable responses to the 
well-established reagent A, providing further evidence that this new compound 
shows significant promise for future applicability. 
 
Figure 4.2.  Chemiluminescence response for the three nitramines against reagents 
A and C, following reduction via H2/Pd(C). All concentrations are 0.1 mM. Values 
determined from an average of 6 replicates.  
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Given the relatively low chemiluminescence responses obtained from this 
reduction pathway, as well as the long reaction time, it is not predicted that this 
would be a viable approach for detection of nitramines. What is of benefit however, 
is the elucidation of intermediates, which can help to provide, via a process of 
elimination, what products are formed upon nitramine reduction, which contribute to 
significant levels of chemiluminescence upon interaction with [Ru(bipy)3]3+. The fact 
that there may be very low levels of species capable of eliciting this intense response, 
could provide information towards the identification of pathways that do produce 
such an intense response, perhaps via a faster, more direct mechanism. 
4.3.2 Borohydride exchange resin 
The reduction of RDX was afforded using borohydride exchange resin (BER) with 
a Ni(OAc)2 catalyst. When attempting isolation of the reduction products through 
trapping with o-nitrobenzaldehyde, no products were formed, indicating that a 
primary amine derivative was not obtained.  Characterization of the products was 
consequently achieved through utilization of a 1H NMR study of the BER reduction. 
The aforementioned reaction was carried out in deuterated methanol. 1H NMR 
spectra from aliquots of the reaction mixture were recorded over a period of 3 hours. 
The initial measurement, at 0 min was taken from an aliquot sampled prior to RDX 
being added to the BER mixture. Further measurements were then made over a 
period of 1 hour. Two final measurements were made after 2 and 3 hours 
respectively, confirming the complete consumption of RDX, as seen in Figure 4.3. 
The results of the study indicated that RDX was consumed to yield a new product 
appearing at 4.80 ppm. This is consistent with hexamethylenetetramine, which 
appears as a singlet at 4.80 ppm in deuterated methanol.  Reduction of nitrosamines 
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to amines by BER has been demonstrated previously [183] and therefore it was most 
likely that by this method RDX was not reduced to the hydrazine, but rather to the 
unstable secondary amine seen in Figure 4.4. Subsequent rearrangement of this 
amine would afford the more stable hexamethylenetetramine adduct as observed. 
This reaction pathway was reported previously for the reduction of HMX using 
1-benzyl-1,4-dihydronicotinamide (BNAH) in DMF under free radical reaction 
conditions, which progressed via the unstable secondary cyclic tetramine to yield 
hexamethylenetetramine as the only product [188].  Furthermore, in a report by 
Nielsen et al., investigating the formation of hexamethylenetetramine from 
formaldehyde and ammonia, similar results were observed [184].  By monitoring the 
reaction by 1H NMR it was shown that the reaction proceeded via 
1,3,5-hexahydro-s-triazine 7, which was rearranged to form the target compound.  
 
Figure 4.3. 1H NMR study of the reduction of RDX using BER-Ni(OAc)2 
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Figure 4.4.  Reduction pathway of RDX via borohydride exchange resin, nickel 
acetate, d-methanol. 
Given the product formed from this reaction, it would be expected that upon 
reaction with either Reagent A or Reagent C, chemiluminescence would be observed. 
This however, was found not to be the case. When the reaction was undertaken in 
regular conditions (i.e., not deuterated), it was found that only a small amount of 
light was produced. This is thought to be caused by a competing side reaction 
between the nickel acetate catalyst and the ruthenium reagent. The reduction of the 
chemiluminescence reagent is undertaken by the nickel acetate, which produces no 
light, instead of the analyte containing the tertiary amine, which would be expected 
to elicit light. As previously mentioned, for the approach to be viable, the reducing 
agent must either be easily removed, or not interfere with the reaction between the 
chemiluminescence reagent and the analyte. In this scenario, there is a component 
that does interfere, while also remaining difficult to extract from the matrix. Being a 
solid, the BER is easily removed; however, the soluble nickel acetate is much more 
troublesome. 
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To test this theorem, the model analyte codeine was subjected to analysis before 
and after the addition of nickel acetate. As can be seen (Figure 4.5), the presence of 
nickel acetate has a profound effect on the level of emission from reaction between 
the chemiluminescence reagent and codeine.  
 
 
Figure 4.5.  Chemiluminescence response of RDX with reagent C, following 
reduction by zinc powder in acetic acid. Values determined from an average of 6 
replicates. 
4.3.3 Zinc/Acetic acid 
When the zinc/acetic acid reduction pathway (Figure 4.6) was undertaken, it was 
observed that a ninhydrin reactive species was present, indicating the presence of a 
primary amine. This was subsequently confirmed using 1H NMR (see section 4.2.4). 
With the addition of nitrobenzaldehyde to the reaction mixture, the tri-hydrazone 
derivative was formed. This strongly suggests the presence of a triamine, maintaining 
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all three azo bonds of the parent molecule. Given the lack of evidence of other 
species, due to almost complete formation of the triamine, it is thought that this is the 
major, if not only, product. 
 
Figure 4.6.  Reduction of RDX by zinc and acetic acid; (i) Zn, H20, CH3COOH, 
40 °C for 15 min. (ii) Addition of ninhydrin reagent, C6H4NO2CHO  
When looking at the data obtained through FIA studies, it can be seen that a very 
large chemiluminescence response is obtained (see Figure 4.7). This is comparable to 
that obtained using the zinc amalgam at a similar concentration, however it must be 
noted that this response is obtained from a 35 min reaction, as opposed to one lasting 
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12 min. Taking into account that both reactions elicit such an intense 
chemiluminescence response, it could suggest that both reaction pathways yield the 
same products, albeit at differing rates. The actual responses are quite similar; 
however the blank response is significantly higher for the zinc acetic acid pathway. It 
should also be noted that the two systems also have different ruthenium complexes, 
however these have both shown to exhibit similar responses when tested against the 
same analyte, as shown in Chapter 3. 
 
 
Figure 4.7.  Chemiluminescence response of RDX with reagent D, following 
reduction by zinc powder in acetic acid. Values determined from an average of 6 
replicates. 
This is the most promising of the green strategies employed, given that a large 
chemiluminescence response is seen in a relatively short time. The biggest drawback 
to keep in mind when employing this system is the relatively harsh conditions 
present. Constantly running the solutions through the FIA system required regular 
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changing of the tubing and the internal components. This however can be easily 
combatted by using alternative pump tubing able to withstand the conditions. A 
series of blanks were used to see if the light detected was due to the destruction of 
the tubing, and not from the reaction itself. However, it was found not to be the case. 
All light generated was derived from the reaction between the triamine with the 
ruthenium complex. 
4.3.4 Zinc amalgam 
While a zinc amalgam was successfully used in Chapter 2, it was thought that 
significant improvements might be made. As a solid phase reaction is believed to 
derive its effectiveness primarily through the surface, an increase in the overall 
surface area should, in theory, increase the rate of reaction, thereby decreasing the 
reaction time. This situation can be tackled by forming a miniaturized form of the 
zinc. Thus, the formation of zinc microparticles was achieved via thermal deposition 
(Figure 4.8). This process gave a fairly consistent size distribution, with most 
particles being in the range of 1-4 μm, with a spherical shape (Figure 4.9). This 
significant reduction in the size of the solid zinc particles, allows for a much greater 
surface area when compared to a similar mass of zinc used in Chapter 2. As the zinc 
is to be soaked in a mercuric chloride solution, the same preparation can essentially 
be used. When subjecting the zinc microparticles to the same reduction strategy 
employed in Chapter 2, (i.e. the zinc amalgam in ethanol and sulfuric acid), both 
positive and negative aspects were observed. 
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Figure 4.8.  Depiction of the thermal deposition process used in the formation of 
zinc microparticles  
 
Figure 4.9.  Scanning electron microscope image of zinc microparticles produced 
through thermal deposition.  
A possible drawback associated with using the microparticles is the increased 
preparation required. Given that the microparticles can be made on mass as used in a 
similar manner to the zinc mesh, the synthesis is not to be mistaken for a step that 
increases pre-sample preparation. The increase in sample preparation lies in the 
physical extraction of the zinc microparticles from the reaction matrix. Previously, 
the use of a 0.45 μm filter was sufficient to remove any zinc mesh from solution, but 
this is not the case with the microparticles. Even though a 0.45 μm filter is sufficient 
to remove these particles, the filter quickly becomes clogged when drawing through 
Ar Ar
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it. This led to the use of centrifugation to separate the solid from the liquid, with a 
simple decanting of the supernatant following sufficient spinning. While this is not 
problematic when done once, this has to be done at every stage during the zinc 
amalgams preparation, which includes the steps involved in coating with the 
mercuric chloride, the several washes required, and then the several washes required 
when changing the media. From reagent preparation through to sample acquisition, 
the centrifugation process must be completed a minimum of eight times. 
The biggest advantage, however, is the drastically reduced reaction time. After 
using the zinc microparticles to form a zinc amalgam, this was placed in the reaction 
vessel, which contained to the RDX solution. The sonication was started immediately 
prior to the addition of the zinc amalgam. A sample was taken after three seconds of 
reaction, whereby it was filtered and used with the previously described FIA 
methodology, using Reagent C (see section 2.3.3). The resulting level of emission 
from three seconds (Figure 4.10) using zinc microparticles was comparable to that of 
the zinc mesh amalgam reaction after 19 min. This 240-fold decrease in reaction time 
allows for a very high throughput of samples, if the pre-treatment is not taken into 
account. 
Again, a series of blanks were conducted to see if the zinc microparticle amalgam 
contributed significantly towards the level of light observed, although this was not 
found to be the case. A major drawback however, was the zinc microparticles 
subsequent degradation in the reaction matrix. This occurred much faster than was 
observed for the zinc mesh, which took longer than a day of constant reaction to 
show signs of reagent destruction. The solution became cloudy after approximately 
1 min, which grew in opacity over time. This increase in murkiness could be 
attributed to the acid dissolution of the microparticle, which could potentially 
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decrease the chemiluminescence signal achieved by competing in a side reaction 
with [Ru(bipy)3]3+, which did not elicit light. As there was still an amount of visible 
solid once the solution had been decanted, it is believed that the dissolution of the 
particles happened to the smaller particles available. 
 
Figure 4.10.  Comparison of zinc mircoparticles compared to the zinc mesh used in 
Chapter 2. 
It was thought that these microparticles might now be confidently used in 
broadening this reagents application. One such method involved binding the zinc 
microparticles onto a titanium sheet. This was achieved by mixing 95% (wt.) zinc 
microparticles with 5% (wt.) poly(vinylidene) fluoride (PVDF) in a mortar, and 
grinding with a pestle until a consistent mix was achieved. To this mixture, an excess 
of N-methyl-2-pyrrolidone (NMP) was added, and the mixture was ground into a 
consistent paste. This mixture was painted onto a pre-treated titanium sheet (soaked 
in acetone for 10 min with slight agitation to remove surface debris) and placed in an 
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oven (100 °C) until dry. This process involved the removal of the NMP, while the 
zinc microparticles and the PVDF remained on the titanium sheet. 
When this zinc coated titanium sheet was evaluated, it gave a negligible response, 
implying that the PVDF was hindering the zinc from participating in a reaction with 
RDX, likely due to a complete encompassing of the zinc. 
The major limitation with regards to the use of zinc microparticles is the increased 
preparation required, both in its synthesis prior to use and the centrifugation required 
to separate it from the sample. While this problem may potentially be overcome with 
a sufficiently large scale production, the benefits observed in the significantly 
improved reaction kinetics indicate the potential for further exploration. 
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4.4. Conclusions 
Several strategies have been investigated with the goal of maintaining the 
chemiluminescence response obtained in Chapter 2, but with a greener approach. The 
reduction by H2/Pd(C) did not achieve this goal in a direct practical sense; however, 
it has assisted greatly in the identification of intermediates produced from a 
successful reduction of nitramines. The methodology utilising BER demonstrated the 
importance of the matrix composition. While a successful reduction was proven to 
take place, the inability to elicit a chemiluminescence response was attributed to the 
nickel acetate contained within the reaction system. Reduction via powdered zinc in 
acetic acid gives results that shadow those seen previously with the zinc amalgam, 
albeit in a longer time. Given the much “greener” nature of this system, it seems that 
a viable alternative to the zinc amalgam has been found. The two systems do not 
appear to differ greatly in their mode of reduction, having the same fundamental 
properties; solid zinc in the presence of acid. This similarity reinforces confidence in 
each other, and allows greater advances to be made by studying and comparing the 
two systems, such as this approach having the option of utilising sonication to speed 
the reaction up. Conversely, the opposite option could be taken into consideration, by 
incorporating the acetic acid into the zinc amalgam system. 
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5.1. Introduction 
The main energetic component used for propulsion in modern munitions is the 
aliphatic nitrate ester, nitrocellulose [101]. This compound will undergo a thermal 
decomposition process, involving the splitting of ester functional groups which 
produce a number of reactive gases and free radicals. If stabilizer compounds are not 
added to the matrix, spontaneous decomposition can become autocatalytic, 
potentially leading to self-ignition [101, 189]. The stabilizer compounds act by 
binding the nitrogen oxides, preventing a further reaction with the nitrocellulose 
[101]. Such reactions between reactive gases and radicals, mostly in the form of 
nitrogen oxides, with the stabilizing compounds, are complex and produce a suite of 
nitrated secondary derivatives of the primary stabilizer [189]. 
Of particular interest in this study is diphenylamine (DPA). This compound was 
deemed to be of crucial importance due to its prolific use in single based 
propellants [190]. Of secondary importance with respect to detection were the 
degradation products associated with DPA [190]. This common stabilizer is routinely 
added to propellant formulations for the purpose of scrubbing excess nitrogen 
radicals. Several laboratories have observed that the products initially formed from 
the reaction of DPA with nitrogen oxides are N-nitroso-diphenylamine (NnDPA), 
2-nitrodiphenylamine (2nDPA) and 4-nitrodiphenylamine (4nDPA) 
(Figure 5.1) [191]. It is important to quantify the levels of such products when 
determining the shelf life of ammunitions. 
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Figure 5.1.  Diphenylamine and its products after undertaking nitrogen radical 
scavenging from degraded nitrocellulose. 
Several other compounds are often added to munitions to increase stability [101, 
192], such as Akardite II (AKII), methyl centralite (MC) and ethyl centralite (EC). 
These stabilizing agents were also deemed to be of vital importance, as they are the 
most common stabilizers of double based propellants [190]. When analysis is 
conducted on samples, given their extraction procedure, it is also common to find 
levels of 2,4-dinitrotoluene (2,4-DNT) and 2,6-dinitrotoluene (2,6-DNT), as well as 
di-n-butyl phthalate (Di-n-BP) (Figure 5.2), so these must additionally be taken into 
account. These compounds are added to control the ignition burn rate and provide 
propulsion for the munitions [101]. It is therefore vital to detect and quantify these 
compounds in conjunction with those previously mentioned. Given that it is not 
immediately apparent which stabilizer or propellant has been used in a particular 
batch of munitions, it is important to be able to have a broad spectrum detection 
method, capable of determining the different target analytes. 
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Figure 5.2.  Structures of the remaining stabilizers and propellants of interest. 
Analysis of munitions is a multi-stage process, involving physical breakdown of 
the munition, sampling of the propellant, extraction of the compounds of interest 
from the bulk of propellant material, followed by chemical identification and 
quantification [101]. Thus far, no approach has been universally accepted, and the 
analysis is currently undertaken by several methods [101, 193]. Generally, the 
propellant material is exposed in some way, often by soaking in an organic solvent, 
followed by the post sample clean up procedure appropriate for the analysis 
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undertaken. The most common methods include: static extraction, which merely 
involves soaking of the propellant; soaking the propellant while shaking; using 
ultrasonic agitation; utilising soxhlet apparatus or undergoing a supercritical fluid 
extraction. The most common media employed are methanol, acetonitrile, acetone, 
diethyl ether and dichloromethane, sometimes with various mixes [193].  
The limitations of each extraction method are largely predetermined by the 
requirements of the detection method [194]. For example, when treating the sample 
with acetonitrile or acetone, complete dissolution often occurs, which requires 
precipitation of the nitrocellulose to prevent chromatographic complications. 
Conversely, treatment with methanol or dichloromethane will only dissolve a portion 
of the sample, giving less material to analyse [194]. Given that the sample is almost 
always in excess, this method would seem to be the most prudent. 
NATO AOP-48 [195] specifies complete dissolution of the propellant in acetonitrile 
for 4 hours, followed by precipitation of the nitrocellulose with calcium chloride. In 
Australia, DEF (AUST) 5623 [196] specifies an overnight dichloromethane 
extraction followed by a solvent evaporation and re-dissolution in methanol prior to 
analysis. This method is currently employed by DSTO, and was used on all live 
ammunition samples analysed in this Chapter. 
Once extraction of the required compounds has been conducted, a technique is 
required to analyse them. Several available techniques include, but are not limited to; 
capillary electrophoresis [197], Fourier transformed infrared spectroscopy [198], 
electrochemical methods [199], thin layer chromatography [200] and gas 
chromatography [201]. It is however, high performance liquid chromatography 
(HPLC) which has become the most widespread quantitative detection method [195, 
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196, 202]. This is most likely due to the high separation power and diverse detection 
methods available with HPLC. 
This Chapter discusses the detection of various munitions stabilizers and their 
degradation products, as well as a separation procedure which allows for their 
qualitative determination. The evaluation has been applied to live ammunition 
samples, with a separation of 10 compounds in a run time of approximately 16 min. 
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5.2. Experimental 
5.2.1 Chemicals and reagents 
Deionized water (Continental Water Systems, Victoria, Australia) and analytical 
grade reagents were used unless otherwise stated, obtained from the following 
sources: [Ru(bipy)3]Cl2·6H2O from Strem Chemicals (Minnesota, USA);  perchloric 
acid (70%) from Univar (New South Wales, Australia); lead dioxide, sodium 
perchlorate and sodium thiosulfate from Ajax (New South Wales, Australia); 
acetonitrile from Burdick & Jackson (Michigan, USA); sulfuric acid from Merck 
(Victoria, Australia). All stabilizers and propellants were obtained from Defence 
Science Technology Organisation (DSTO, Edinburgh, SA, Australia) and were used 
as received. 
5.2.2 Flow injection analysis 
A conventional FIA manifold with a chemiluminescence detector was constructed 
in our laboratory, as described in section 3.2.2. [136]. All responses were obtained by 
taking the average of at least 6 concordant results. 
5.2.3 High performance liquid chromatography 
Chromatographic analysis was carried out on an Agilent Technologies 1200 series 
liquid chromatography system, equipped with a quaternary pump, solvent degasser 
system, thermostat and autosampler, with UV and chemiluminescence detection 
(Agilent Technologies, Forest Hill, Victoria, Australia), using a Poroshell 120 solid 
core particle packed column (50 mm × 4.6 mm × 2.7 μm; Agilent Technologies) 
operating at 26 ºC, with an injection volume of 20 μL and a flow rate of 
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1.5 mL min-1. Gradient elution was performed with water (solvent A) and methanol 
(100%) (solvent B) as follows: 0 min: 95 % A, 5 % B; 3 min:  95 % A, 5 % B; 9 min: 
40 % A, 60 % B; 12 min: 40 % A, 60 % B; 15 min: 35 % A, 65 % B. Before use in 
the HPLC system, aqueous solvents were filtered through a 0.45 μm nylon 
membrane, organic solvents were used as supplied. Agilent Technologies software 
was used to control the HPLC and acquire data from both the UV absorbance and 
chemiluminescence detectors. The HPLC eluate was merged with the 
chemiluminescence reagent (1 × 10-3 M), propelled at a flow rate of 2.5 mL min-1 
using a Gilson Minipuls 3 peristaltic pump (John Morris Scientific, Balwyn, 
Victoria, Australia) with bridged PVC tubing (DKSH), at a T-piece, before entering a 
custom built flow-through chemiluminometer.[137] A Hewlett-Packard analogue to 
digital interface box (Agilent Technologies) was used to convert the signal from the 
chemiluminescence detector. Samples underwent an extraction procedure carried out 
at Defence Science and Technology Organisation (DSTO, Australia), detailed in 
5.2.5.  
5.2.4 Preparation of chemiluminescence reagents 
5.2.4.1  Reagent A 
This reagent was prepared by dissolution of [Ru(bipy)3]Cl2.6H2O (1 × 10-3 M) in 
0.05 M H2SO4. Immediately prior to use, it was oxidized by PbO2, before passing the 
solution containing the particulate matter through a 0.45 μm filter. 
5.2.4.2  Reagent C 
This reagent was prepared by using the previously described new approach to an 
old reagent (see section 3.2.3.3), by dissolution of the previously prepared 
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[Ru(bipy)3]Cl2.HClO4 in 0.05 M HClO4. Immediately prior to use, it was oxidized by 
PbO2, before passing the solution containing the particulate matter through a 0.45μm 
filter. 
5.2.4.3  ‘Standard’ permanganate 
This commonly used reagent was prepared by dissolution of potassium 
permanganate (1 × 10-3 M) in a 1% (m/v) sodium polyphosphate solution, with 
further adjustment to pH 2.5 using sulfuric acid. 
5.2.4.4  ‘Enhanced’ permanganate 
This reagent is made in much the same way as the standard permanganate reagent, 
in that potassium permanganate (1.9 × 10-3 M) is added to a 1% (m/v) sodium 
polyphosphate solution and adjusted to pH 2.5 using sulfuric acid. Following this, 
solid sodium thiosulfate (0.1 M) is added. 
5.2.4.5  Manganese (IV) 
Soluble manganese(IV) was prepared using the Jáky and Zrinyi method [37]. An 
aqueous solution of sodium formate (3 M, 50 mL) was slowly added to a stirred 
solution of potassium permanganate (2.0 g, 50 mL). The murky brown solution was 
then filtered through GF/A Whatman filter paper and washed with water 
(3 × 30 mL). A portion (~ 0.6 g) of the wet solid was then further dissolved in 
ortho-phosphoric acid (3 M, 500 mL) by sonicating it for 30 min, followed by 
stirring and heating (80 °C) for 1 hour. The resulting solution was cooled in an ice 
bath to room temperature. To use a solution of the manganese(IV) reagent, it must 
first undergo an iodometric titration against a known standard, such as a starch 
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solution, to obtain its concentration. The manganese(IV) reagent (5 ×10-4 M) was 
prepared in ortho-phosphoric acid (3 M) and used in tandem with an aqueous 
formaldehyde (2 M) solution. 
5.2.5 Sample extraction procedure 
To an extraction thimble, 800 mg of propellant was added and placed in soxhlet 
apparatus, and underwent dichloromethane reflux (60 mL) for 16 hours. Following 
reflux, the dichloromethane was removed through rotary evaporation. The resultant 
residue was redissolved in acetonitrile and made up to volume in methanol. The 
resulting solution was passed through a 0.45 μm filter before being received. This 
procedure was carried out at Defence Science and Technology Organisation (DSTO, 
Australia). 
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5.3. Results and discussion 
5.3.1 Initial screening 
When attempting to detect multiple compounds, of which several have the same 
functional groups, it is important to be able to differentiate between them. Given the 
potential co-elution of similar compounds, the selectivity of the chosen mode of 
detection becomes important. With this in mind, it was thought that running a 
screening of the known compounds and their degradation products against a suite of 
chemiluminescence reagents (using FIA methodology) would be useful. 
As can be seen in the chemiluminescence data (Figure 5.3), there are varying 
degrees of success with which the analytes can be determined with each reagent. It is 
promising that most of the compounds can be detected by at least one 
chemiluminescence reagent, as this allows for increased selectivity in the case of co-
elution, which is unable to be resolved when looking at a single mode of detection, 
such as UV-Vis. The ruthenium-based reagents, unsurprisingly, elicited strong 
signals upon interaction with the compounds that contain a tertiary amine: MC, EC 
and AKII. It is worth noting that the tertiary amines are all bound to carbons, as 
opposed to the nitroso functional group contained in NnDPA, which does not 
respond favourably. This is likely due to a quenching effect of the electron rich 
nitroso moiety. The stable ruthenium reagent, Reagent C, has elicited light upon 
reaction to more species than the regular reagent, Reagent A; however in this case it 
cannot be stated which is the better result. The stable reagent is able to detect Di-n-
BP, 4nDPA and DPA, all of which have drastically different elution times. The main 
benefit of using Reagent C instead of Reagent A is the huge increase in temporal 
stability, which allows for its continual use in long HPLC runs.   
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The manganese(IV) reagent responded well to DPA and all of its degradation 
products, while eliciting no signal with any of the other compounds. This selectivity 
towards DPA and its derivatives may be useful in future analysis when looking at 
these compounds specifically, even when in the presence of the other listed 
compounds.  
 
 
Figure 5.3.  Screening the analytes of interest (1 × 10-5 M) against a suite of 
chemiluminescence compounds. Values determined from an average of 6 replicates. 
The permanganate reagents have also only shown significant responses to DPA, 
4nDPA and NnDPA. The enhanced permanganate surprisingly shows a lower 
response to 2nDPA. However, the permanganate compounds have shown slight 
responses to MC, EC and AKII, although this is not expected to cause major 
problems. 
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5.3.2 Separation 
When examining the chromatograms of the compounds utilising UV absorbance 
detection, reasonably good separation of the 10 compounds is observed (Figure 5.4). 
There is however no differentiation between 2,4-DNT and 2,6-DNT (t = 6.05), which 
is unsurprising given their high structural similarity. This is closely followed by 
AKII (t = 6.27), which can almost be resolved to baseline. The next peak is 
comprised of both MC and NnDPA (t = 7.73), which can be quantitatively detected 
using Reagent C and either manganese(IV) or a permanganate compound, 
respectively. The inability of 4nDPA (t = 8.35) to be completely separated from DPA 
(t = 8.54) limits the concentration range that can be detected using this separation 
procedure, but useful information can still be garnered. Following these peaks, the 
rest of the compounds are all easily separated in a rather short time, which allows for 
a large sample throughput. The conditions listed for the analysis (section 5.2.3) 
depict those that provided the best separation with respect to time, while also taking 
into account the importance of each analyte of interest. Conditions were found that 
allowed greater resolution in the separation of co-eluting compounds (namely 2,4-
DNT and 2,6-DNT as well as MC from NnDPA), however this caused increased co-
elution of compounds that were deemed to be of high importance (4nDPA from 
DPA). Although another column was investigated (Gemini particle packed column, 
150mm × 4.6 mm × 5 μm, Phenomenex), the increase in separation was deemed to 
be negligible given the vastly increased analysis times. Finally, solvent gradients 
were investigated, however there were limitations with regards to solvent choice as 
the chemiluminescence reagent had to be taken into account. For example, previous 
research within our laboratory has indicated that acetonitrile is incompatible with 
manganese based chemiluminescence [12].  
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Figure 5.4.  Chromatogram containing all analytes of interest, detected using UV 
absorbance at 270 nm. 
It was hoped that when different chemiluminescence reagents were used it would 
be possible to achieve sufficient resolution of all of the analytes of interest. This 
however, was found not to be the case. The peak containing both MC and NnDPA 
was unable to be differentiated when using the alternative chemiluminescence 
reagents. Only when these two compounds are not found together would their 
accurate concentration be able to be determined. When observing the chromatogram 
using UV absorbance as the detection method, it can clearly be seen that there is no 
separation of 2,4-DNT from 2,6-DNT (Figure 5.5). Conversely, when the 
chemiluminescence profile is observed, there is obvious separation. The apparent 
peaks located before 6.1 min are the result of baseline shift caused by the gradient 
profile, and are observable in the blank conducted. The reason that these peaks are 
not observed in the UV profile is the scale has rendered them unobservable at the 
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scale used. While the compounds have not achieved baseline separation, it can still 
be determined that two analytes; 2,4-DNT (t = 6.25) and 2,6-DNT (t = 6.38) are 
present when observing the chemiluminescence profile (Figure 5.6). By using 
chemiluminescence detection in conjunction with UV absorbance, an accurate profile 
of 8 of the desired 10 compounds is observed, and as previously stated, the 
remaining two can be accurately quantified when not in the presence of the other. 
 
Figure 5.5.  Zoomed in profile of 2,4-DNT and 2,6-DNT using UV absorbance 
detection at 270 nm. 
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Figure 5.6.  Zoomed in profile of 2,4-DNT and 2,6-DNT using standard 
permanganate as the chemiluminescence detection. 
Problems also arose with the transition from flow injection methodology to HPLC. 
The permanganate reagents performed more poorly than expected with several of the 
analytes of interest, those being DPA derivatives. Again, there was a much better 
than expected response shown against AKII, which did not significantly respond 
using FIA methodology. Reagent C also gave results lower than expected, with DPA 
the only reagent that responded well. 
While the manganese(IV) compound showed great promise in its selectivity 
towards DPA and its derivatives, the increased instrumental requirements prevented 
its analysis at the HPLC stage. The system I employed was based on a 2-line 
manifold, whereas when utilising the formaldehyde as an enhancer, a 3-line manifold 
is required, which was unable to be implemented. Additionally, the peristaltic pump 
that is currently in use creates an unacceptably high level of noise, which 
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dramatically increases the limits of detection. To overcome this secondary problem, a 
piston pump with pulse dampening would be required. 
When looking at the analytical figures of merit for the compounds of interest 
(Table 5.1), it is positive to note that UV absorbance exhibits rather low limits of 
detection for the suite of analytes. This is unsurprising however, when one notes that 
they all possess conjugated π systems, inherently useful for UV absorbance 
detection. The standard permanganate shows slightly poorer limits of detection, 
however it does show remarkable improvements with the analyte of most interest, 
DPA. This low limit of detection almost becomes a moot point, as the 
implementation of this system is not intended to be used on trace level analysis, 
rather on samples in which quantity is not an issue. It is important that the earlier 
stabilizer degradation products are detected, as then an accurate shelf life can be 
determined.  
Table 5.1.  Limits of detection for all compounds. 
 Reagent C UV 270nm Standard permanganate Enhanced permanganate 
2,4-DNT  1 × 10-7 M a 4.5 × 10-6 M 1.5 × 10-5 M 
2,6-DNT   5 × 10-6 M 1 × 10-5 M 
AKII 3 × 10-5 M 9 × 10-8 M 1.5 × 10-7 M 7 × 10-6 M 
NnDPA/MC 
 
5 × 10-4 M 1 × 10-7 M 3 × 10-4 M  
4nDPA 1.5 × 10-5 M 4 × 10-7 M 1.5 × 10-7 M 7 × 10-7 M 
DPA 7 × 10-6 M 8 × 10-8 M 3 × 10-8 M 7 × 10-8 M 
2nDPA 2 × 10-4 M 1 × 10-7 M 5 × 10-6 M 1.5 × 10-5 M 
EC 7 × 10-6 M 1.5 × 10-7 M 8 × 10-5 M 4 × 10-5 M 
Di-n-BP  1.5 × 10-6 M   
Note – a – 2,4-DNT and 2,6-DNT are unable to be detected separately using UV absorbance at 
270 nm 
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5.3.3 Live ammunition samples 
A series of 12 samples were prepared from live ammunition using the 
aforementioned dichloromethane/methanol extraction procedure, and were analysed 
using the separation described previously. All samples were received unmarked, with 
no indication as to their composition or concentration, only that they were in 100% 
methanol. These samples were analysed as received, but the concentrations were 
found to be above the range of the chemiluminescence detector (an example 
chromatogram of a live ammunition sample is seen in Figure 5.7). To compensate for 
this, all samples were analysed after a 1 in 100 dilution in 100% methanol. It should 
be noted that the concentration of NnDPA and MC have been combined together, 
due to the inability of the procedure to differentiate between them (Table 5.2). 
 
Figure 5.7.  An example chromatogram of ammunition samples (this is sample 1). 
Table 5.2.  Analyte concentrations of ammunition samples (M), conducted in 1 in 
100 dilutions. Analytes are arranged in order of elution. Concentrations are taken 
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from the UV-Vis detector, which was verified as being within 3% of those obtained 
from the chemiluminescence detector. 
 
It was found that the best suited chemiluminescence reagent to use in conjunction 
with UV absorbance was the standard acidic potassium permanganate. This reagent 
showed the best response across the range of analytes screened, while also allowing 
for increased confidence of which propellants are present, namely differentiating 
between 2,4-DNT and 2,6-DNT. While it is not known why an increased separation 
is able to be achieved post column, it has been postulated that each isomer of DNT 
exhibits differing reaction kinetics with the chemiluminescence reagent.  
It would be expected that the stabilizer would exist in much greater concentration 
than the radical scavenging derivatives. It is this high concentration that requires the 
dilution of the sample. The downside to this is that there is potential to lower the 
concentration of the degradation products to such a degree that they are no longer 
detected. If the sole purpose was to look at degradation products, then the method 
would still work using a pure sample; however, in this case it would be unlikely that 
the exact concentration of DPA could be determined without adequate dilution. 
 Sample 
 1 2 3 4 5 6 7 8 9 10 11 12 
2,4-DNT             
2,6-DNT 4.8 × 10-5         
1.7 × 
10-7   
AKII 7.8 × 10-7 
2.0 × 
10-6 
2.6 × 
10-6  
1.9 × 
10-6 
7.5 × 
10-7 
1.3 × 
10-6  
1.0 × 
10-5 
1.1 × 
10-6 
1.3 × 
10-6 
1.6 × 
10-6 
NnDPA/MC 
 
1.5 × 
10-6 
3.8 × 
10-6 
7.0 × 
10-7 
9.4 × 
10-5 
4.2 × 
10-6 
6.8 × 
10-7 
4.6 × 
10-6  
7.9 × 
10-6 
2.4 × 
10-6 
2.4 × 
10-7 
2.5 × 
10-5 
4nDPA       7.4 × 10-7  
6.9 × 
10-7 
2.5 × 
10-6  
9.8 × 
10-7 
DPA 1.8 × 10-5 
1.9 × 
10-5 
2.3 × 
10-5  
1.5 × 
10-5 
7.6 × 
10-6 
1.1 × 
10-5  
7.4 × 
10-6 
9.6 × 
10-6 
1.3 × 
10-5 
1.3 × 
10-5 
2nDPA  1.6 × 10-6 
5.3 × 
10-7 
5.9 × 
10-8 
9.1 × 
10-7 
2.3 × 
10-7 
1.5 × 
10-6  
8.9 × 
10-7 
2.7 × 
10-6 
2.6 × 
10-7 
1.1 × 
10-6 
EC    1.2 × 10-5  
1.9 × 
10-6  
1.1 × 
10-5   
2.6 × 
10-6  
Di-n-BP    2.2 × 10-5 
2.8 × 
10-6 
1.7 × 
10-6 
1.9 × 
10-6  
1.7 × 
10-5 
1.7 × 
10-6  
1.9 × 
10-5 
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When conducting analysis in the future, the dilution factor from the original sample 
would be known, as throughout this study the only information supplied was the 
samples media.  
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5.4. Conclusions 
A separation procedure has been developed that easily allows both the quantitative 
and qualitative determination of 8 out of the desired 10 analytes. By utilising dual 
methods of UV absorbance and chemiluminescence detection, the determination of 
these analytes is observed, which allows for a rapid analysis to be conducted with 
samples requiring only a simple dilution. Analysis was conducted without any prior 
knowledge as to the samples chemical composition or concentration. All 
concentrations obtained through this study, when compared against the known 
values, were within 5 %, demonstrating the reliability of the given method. 
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CHAPTER SIX 
Future work 
 
x Energetic materials 
x Ruthenium complex analysis 
x Adaptation of reduction strategies 
x Propellant and stabilizer exploration 
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6.1 Energetic materials 
The strategy employed to reduce RDX and its similar compounds using zinc 
amalgam has demonstrated its selectivity towards nitramines. It would be beneficial 
to test this methodology against a wider variety of energetic materials, to evaluate its 
potential for an at-scene screening device. It would be worthwhile to conduct a 
comprehensive analysis of a wider range of analytes, including compounds 
containing what I currently believe to be the most important structural requirement, 
the azo bond. The nitro-esters did not respond favourably to this process, however it 
would be interesting to note how effective the reaction would be in eliciting a 
chemiluminescence response upon reaction with compounds such as other nitramines 
or even Tetryl. 
6.2 Ruthenium complex analysis 
While the stable ruthenium reagent that was prepared in acetic acid:acetic 
anhydride did not perform very well in the determination of the suite of analytes, it 
elicited very intense emission upon reaction with the products of the reduction of 
energetic materials by zinc and acetic acid. It would be interesting to note what kind 
of response this reagent elicited when analytes were made up in dilute solutions of 
acetic acid, as opposed to the most often tested sulfuric acid. Given the positive 
results that have been observed, it would be worthwhile to further explore the 
analytical utility of this reagent. 
6.3 Adaptation of reduction strategies 
I think the most relevant experiments to be conducted would be to incorporate the 
reduction strategy using the zinc amalgam with that using zinc powder and acetic 
acid. Substitution of the sulfuric acid with a greater concentration of acetic acid may 
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help to speed up an already fast reaction. By combining micro-particle zinc with 
acetic acid, under sonication conditions may facilitate the elimination of mercuric 
chloride. This could be doubly advantageous, as the reaction is likely to either 
proceed at a speed equal to or greater than that observed prior, as well as being of a 
“greener” approach. The elimination of mercury from the system would also 
decrease preparation time, highly desirable in any system that is expected to have a 
high throughput. 
6.4 Propellant and stabilizer exploration  
Firstly, I think utilising manganese(IV) detection with high performance liquid 
chromatography may yield some interesting results. This may help to separate 
methyl centralite from N-nitroso diphenylamine. Given the completely hit or miss 
results observed in the flow injection analysis screening, I think it would be 
beneficial to obtain a profile of the separation using manganese(IV) 
chemiluminescence detection. An alternative approach would be to employ a heart 
cutting technique for use with two dimensional high performance liquid 
chromatography. The fraction collected containing methyl centralite and N-nitroso 
diphenylamine could be injected onto the 2nd dimension, and further separated using 
either a C18 or a cyano column. While conducting analyses it was observed that 
separation of these compounds could be achieved, although at the expense of 
resolution between 4-nitro diphenylamine and diphenylamine. This would mean that 
if this fraction was to be transported onto the 2nd dimension, a C18 would likely be 
effective in achieving a separation given an adequate mobile phase composition. 
REFERENCES 
 
109 
 
REFERENCES 
1. E.N. Harvey, Studies on Bioluminescence. VIII. The mechanism of the 
production of light during the oxidation of pyrogallol. Journal of Biological 
Chemistry, 1917. 31: p. 311-336. 
2. E. Wiedemann, Uber Florescenz und Phosphorescenz I. Abhandlung. 
Annalen der Physik und Chemie, 1888. 34: p. 446-463. 
3. A.M. García-Campaña, W.R.G. Baeyens, Chemiluminescence in Analytical 
Chemistry 2001, New York: Mercel Dekker. 
4. P.S. Francis, N.W. Barnett, S.W. Lewis, K.F. Lim, Hypohalites and related 
oxidants as chemiluminescence reagents: A review. Luminescence, 2004. 
19(2): p. 94-115. 
5. P. Fletcher, K.N. Andrew, A.C. Calokerinos, S. Forbes, P.J. Worsfold, 
Analytical applications of flow injection with chemiluminescence detection- a 
review. Luminescence, 2001. 16(1): p. 1-23. 
6. F.J. Lara, A.M. Garcia-Campana, A.I. Velasco, Advances and analytical 
applications in chemiluminescence coupled to capillary electrophoresis. 
Electrophoresis, 2010. 31(12): p. 1998-2027. 
7. A. Garcia-Campana, F.J. Lara, Trends in the analytical applications of 
chemiluminescence in the liquid phase. Analytical and Bioanalytical 
Chemistry, 2007. 387(1): p. 165-169. 
8. L. Gamiz-Gracia, A.M. Garcia-Campana, J.F. Huertas-Perez, F.J. Lara, 
Chemiluminescence detection in liquid chromatography: Applications to 
clinical, pharmaceutical, environmental and food analysis-A review. 
Analytica Chimica Acta, 2009. 640(1-2): p. 7-28. 
9. A.M. Garcia-Campana, F.J. Lara, L. Gamiz-Gracia, J.F. Huertes-Perez, 
Chemiluminescence detection coupled to capillary electrophoresis. Trends 
Anal. Chem., 2009. 28(8): p. 973-986. 
10. F. Li, C. Zhang, X. Guo, W. Feng, Chemiluminescence detection in HPLC 
and CE for pharmaceutical and biomedical analysis. Biomedical 
Chromatography, 2003. 17(2-3): p. 96-105. 
11. S.W. Lewis, D. Price, P.J. Worsfold, Flow injection assays with 
chemiluminescence and bioluminescence detection - a review. Journal of  
Bioluminescence and Chemiluminescence, 1993. 8(4): p. 183-199. 
12. J.L. Adcock, P.S. Francis, N.W. Barnett, Acidic potassium permanganate as 
a chemiluminescence reagent-A review. Analytica Chimica Acta, 2007. 
601(1): p. 36-67. 
13. F.J. Lara, A.M. Garcia-Campana, J-J. Aaron, Analytical applications of 
photoinduced chemiluminescence in flow systems-A review. Analytica 
Chimica Acta, 2010. 679(1-2): p. 17-30. 
14. F.H. Burstall, Optical activity dependent on co-ordinated bivalent ruthenium. 
Journal of the Chemical Society, 1936: p. 173-175. 
15. W.K. Nonidez, D.E. Leydon, Effect of reducing agents of pharmacological 
importance on the chemiluminescence of tris-(2,2'-bipyridine)ruthenium(II). 
Analytica Chimica Acta, 1978. 96(2): p. 401-404. 
16. R.D. Gerardi, N.W. Barnett, S.W. Lewis, Analytical applications of tris(2,2′-
bipyridyl)ruthenium(III) as a chemiluminescent reagent Analytica Chimica 
Acta, 1999. 378(1-3): p. 1-41. 
17. B.A. Gorman, P.S. Francis, N.W. Barnett, Tris(2,2'-bipyridyl)ruthenium(II) 
chemiluminescence. The Analyst, 2006. 131(5): p. 616-639. 
REFERENCES 
 
110 
 
18. K.A. Fahnrich, M. Pravda, G.G. Guilbault, Recent applications of 
electrogenerated chemiluminescence in chemical analysis, Talanta, 2001. 
54(4): p. 531-559. 
19. X.B. Yin, S. Dong, E. Wang, Analytical applications of the 
electrochemiluminescence of tris(2,2'-bipyridyl) ruthenium and its 
derivatives. Trends in Analytical Chemistry, 2004. 23(6): p. 432-441. 
20. M.M. Richter, Electrochemiluminescence (ECL). Chemical Reviews, 2004. 
104(6): p. 3003-3036. 
21. M. Wujian, Electrogenerated chemiluminescence and its biorelated 
applications. Chemical Reviews, 2008. 108(7): p. 2506-2553. 
22. R. Gerardi, N.W. Barnett, P. Jones, Two chemical approaches for the 
production of stable solutions of tris(2,2'-bipyridyl)ruthenium(III) for 
analytical chemiluminescence. Analytica Chimica Acta, 1999. 388(1-2): p. 1-
10. 
23. W.A. Jackson, D.R. Bobbitt, Chemiluminescent detection of amino acids 
using in situ generated Ru(bpy)3. Analytica Chimica Acta, 1994. 285(3): p. 
309-320. 
24. J.B. Noffsinger, N.D. Danielson, Generation of chemiluminescence upon 
reaction of aliphatic amines with tris(2,2'-bipyridine)ruthenium(III). 
Analytical Chemistry, 1987. 59(6): p. 865-868. 
25. P.S. Francis, D. Papettas, E.M. Zammit, N.W. Barnett, Chemiluminescence 
reactions with cationic, neutral, and anionic ruthenium(II) complexes 
containing 2,2'-bipyridine and bathophenanthroline disulfonate ligands. 
Talanta, 2010. 82(2): p. 859-862. 
26. J. Stauff, W. Jaeschke, Chemiluminescence technique for measuring 
atmospheric trace concentrations of sulfur dioxide. Atmospheric 
Environment, 1975. 9(11): p. 1038-1039. 
27. B.J. Hindson, N.W. Barnett, Analytical applications of acidic potassium 
permanganate as a chemiluminescence reagent. Analytica Chimica Acta, 
2001. 445(1): p. 1-19. 
28. C.M. Hindson, P.S. Francis, G.R. Hanson, J.L. Adcock, N.W. Barnett, 
Mechanism of Permanganate Chemiluminescence. Analytical Chemistry, 
2010. 82(10): p. 4174-4180. 
29. N.W. Barnett, B.J. Hindson, P. Jones, T.A. Smith, Chemically induced 
phosphorescence from manganese(II) during the oxidation of various 
compounds by manganese(III), (IV) and (VII) in acidic aqueous solutions. 
Analytica Chimica Acta, 2002. 451(2): p. 181-188. 
30. J.L. Adcock, P.S. Francis, T.A. Smith, N.W. Barnett, The characteristic red 
chemiluminescence from reactions with acidic potassium permanganate: 
further spectroscopic evidence for a manganese(II) emitter. The Analyst, 
2008. 133(1): p. 49-51. 
31. N. Anastos, N.W. Barnett, B.J. Hindson, C.E. Lenehan, S.W. Lewis, 
Comparison of soluble manganese(IV) and acidic potassium permanganate 
chemiluminescence detection using flow injection and sequential injection 
analysis for the determination of ascorbic acid in Vitamin C tablets. Talanta, 
2004. 64(1): p. 130-131. 
32. J.W. Costin, N.W. Barnett, S.W. Lewis, D.J. McGillivery Monitoring the 
total phenolic/antioxidant levels in wine using flow injection analysis with 
acidic potassium permanganate chemiluminescence detection. Analytica 
Chimica Acta, 2003. 499(1-2): p. 47-56. 
REFERENCES 
 
111 
 
33. B.G-T. Corominas, M.C. Icardo, L.L. Zamora, J.V.G. Mateo, J.M. Calatayud, 
A tandem-flow assembly for the chemiluminometric determination of 
hydroquinone. Talanta, 2004. 64(3): p. 618-625. 
34. A.J. Brown, P.S. Francis, J.L. Adcock, K.F. Lim, N.W. Barnett, 
Manganese(III) and manganese(IV) as chemiluminescence reagents: A 
review. Analytica Chimica Acta, 2008. 624(2): p. 175-183. 
35. N.W. Barnett, B.J. Hindson, S.W. Lewis, P. Jones, P.J. Worsfold, Soluble 
manganese(IV); a new chemiluminescence reagent. Analyst, 2001. 126(10): 
p. 1636-1639. 
36. A.J. Brown, C.E. Lenehan, P.S. Francis, D.E. Dunstan, N.W. Barnett, Soluble 
manganese(IV) as a chemiluminescence reagent for the determination of 
opiate alkaloids, indoles and analytes of forensic interest. Talanta, 2007. 
71(5): p. 1951-1957. 
37. M. Jaky, M. Zrinyi, Oxidations with soluble manganese(IV) phosphate. 
Polyhedron, 1993. 12(11): p. 1271-1275. 
38. M. Jaky, L.I. Simandi, V.Y. Shafirovich, Autocatalytic oxidation of propane-
1,2-diol by soluble manganese(IV) in aqueous phosphoric acid. Inorganica 
Chimica Acta, 1984. 90(3): p. L39-L41. 
39. J.F. Perez-Benito, C. Arias, Occurrence of colloidal manganese dioxide in 
permanganate reactions. Journal of Colloid and Interface Science, 1992. 
152(1): p. 70-84. 
40. J.F. Perez-Benito, C. Arias, E. Amat, A kinetic study of the reduction of 
colloidal manganese dioxide by oxalic acid. Journal of Colloid and Interface 
Science, 1996. 177(2): p. 288-297. 
41. J.F. Perez-Benito, E. Brillas, R. Pouplana, Identification of a soluble form of 
colloidal manganese(IV). Inorganic Chemistry, 1989. 28(3): p. 390-392. 
42. E. Nalewajko-Sieliwoniuk, I. Tarasewicz, A. Kojlo, Flow injection 
chemiluminescence determination of the total phenolics levels in plant-
derived beverages using soluble manganese(IV). Analytica Chimica Acta, 
2010. 668(1): p. 19-25. 
43. G.P. McDermott, J.M. Terry, X.A. Conlan, N.W. Barnett, P.S. Francis, Direct 
detection of biologically significant thiols and disulfides with manganese(IV) 
chemiluminescence. Analytical Chemistry, 2011. 83(15): p. 6034-6039. 
44. J.L. Adcock, P.S. Francis, N.W. Barnett, Emitting Species in 
Chemiluminescence Reactions with Acidic Potassium Permanganate: A Re-
Evaluation Based on New Spectroscopic Evidence. Journal of Fluorescence, 
2009. 19(5): p. 867-874. 
45. N. Fei, L.J., N. Weifen, Chemiluminescence determination of indapamide 
using indapamide-imprinted polymer as recognition material. Anal. Chim. 
Acta, 2005. 545(2): p. 129-136. 
46. F. Nie, J. Lu, Y. He, J. Du, Use of molecule imprinting-chemiluminescence 
method for the determination of tamoxifen in breast cancer sufferers' urine. 
Luminescence, 2005. 20(4-5): p. 315-320. 
47. J. Akhavan, The Chemistry of Explosives 2nd ed. 2004, Cambridge: Royal 
Society of Chemistry. 
48. R. Meyer, Explosives. 2nd ed. 1981, Weinheim: Verlag Chemie. 
49. S. Bell, Forensic Chemistry. 1st ed. 2006, Upper Saddle River: Pearson 
Education. 
50. G.F. Henning, Method for the preparation of a Nitrocompounds from 
hexamethylenetetramine, 1899: Germany. 
REFERENCES 
 
112 
 
51. E.v. Herz, GB145791, Improvements relating to explosives, International 
patent, 1921 
52. W.E. Bachmann, J.C. Sheehan, A New Method of Preparing the High 
Explosive RDX. Journal of the American Chemical Society, 1949. 71: p. 
1842-1845. 
53. J.T. Edward, Wartime Research on RDX. Journal of Chemical Education, 
1987. 64(7): p. 599-603. 
54. W.E. Bachmann, W.J. Horton, E.L. Jenner, N.W. MacNaughton, L.B. Scott, 
Cyclic and linear nitramines formed by nitrolysis of hexamine. Journal of the 
American Chemical Society, 1951. 73: p. 2769-2773. 
55. G.C. Hale, Nitration of hexamethylenetetramine. Journal of the American 
Chemical Society, 1925(47): p. 2754-2763. 
56. A. Uezer, E. Ercag, R. Apak, Spectrophotometric determination of 
cyclotrimethylenetrinitramine (RDX) in explosive mixtures and residues with 
the Berthelot reaction. Analytica Chimica Acta, 2008. 612(1): p. 53-64. 
57. J.A. Conkling, Chemistry of Pyrotechnics : Basic Principles and Theory 
1985, New York: M. Dekker. 
58. National Association of Australian State Road Authorities, Manual for the 
use and handling of explosives (roadworks):metric units/National Association 
of Australian State Road Authorities. 1974, Sydney: National Association of 
Australian State Road Authorities. 
59. H. Williams, Contact dermatitis within the explosives industry- A case report. 
Current Allergy & Clinical Immunology, 2007. 20(3): p. 151-154. 
60. Security, G. www.globalsecurity.org/military/systems/munitions/explosives-
nitramines. updated, 08-11-2006, retrieved 24-10-2008 
61. J. Travis, Guide for the Selection of Commercial Explosives Detection 
Systems for Law Enforcement Applications, U.S. Department of Justice, 
1999. 
62. J.S. Caygill, F. Davis, S.P.J. Higson, Current trends in explosive detection 
techniques. Talanta, 2012. 88: p. 14-29. 
63. A.B. Kanu, C. Wu, H.H. Hill Jr., Rapid pre-separation of interferences for 
ion mobility spectrometry. Analytica Chimica Acta, 2008. 610(1): p. 125-134. 
64. J. Yinon, Counterterrorist Detection Techniques of Explosives, ed. J. Yinon. 
2007, Oxford, UK: Elsevier. 
65. E. Schramm, J. Holzer, M. Putz, R. Schulte-Ladbeck, R. Schultze, M. Skorlz, 
A. Ulrich, J. Weiser, R. Zimmerman, Real-time trace detection of security-
relevant compounds in complex sample matrices by thermal desorption-
single photon ionization-ion trap mass spectrometry (TD-SPI-ITMS) 
Spectrometry (TD-SPI-ITMS). Analytical and Bioanalytical Chemistry, 2009. 
395(6): p. 1795-1807. 
66. J. Chen, Y. Chen, H. Zhao, G.J Bastiaans, X. Zhang, Absorption coefficients 
of selected explosives and related compounds in the range of 0.1-2.8 THz. 
Optics Express, 2007. 15(19): p. 12060-12067. 
67. D.L. Woolard, E.R. Brown, M. Pepper, M. Kemp, Terahertz frequency 
sensing and imaging: a time of reckoning future applications? Proceedings of 
the IEEE, 2005. 93(10): p. 1722-1743. 
68. H. Liu, H. Zhong, N. Karpowicz, Y. Chen, X. Zhang, Terahertz spectroscopy 
and imaging for defense and security applications. Proceedings of the IEEE, 
2007. 95: p. 1514-1527. 
REFERENCES 
 
113 
 
69. M.R. Leahy-Hoppa, M.J. Fitch, X. Zheng, L.M. Hayden, R. Osiander, 
Wideband terahertz spectroscopy of explosives. Chemical Physics Letters, 
2007. 434(4-6): p. 227-230. 
70. S.P. Hernandez-Rivera, L.C. Pacheco-Londono, W. Ortiz-Rivera, J.R. Castro-
Suarez, O.M. Primera-Pedrozo, H. Felix-Rivera, Remote Raman and infrared 
spectroscopy detection of high explosives. Explosive materials, 2011: p. 231-
258. 
71. Y. Mou, J.W. Rabalais, Detection and identification of explosive particles in 
fingerprints using attenuated total reflection-Fourier transform infrared 
spectromicroscopy. Journal of Forensic Science, 2009. 54(4): p. 846-850. 
72. F.C. De Lucia, J.L.G., C.A. Munson, A.W. Miziolek, Double pulse laser-
induced breakdown spectroscopy of explosives: Initial study towards 
improved discrimination. Spectrochimica Acta, Part B: Atomic Spectroscopy, 
2007. 62B(12): p. 1399-1404. 
73. Y. Dikmelik, C. McEnnis, J.B. Spicer, Femtosecond and nanosecond laser-
induced breakdown spectroscopy of trinitrotoluene. Optics Express, 2008. 
16(8): p. 5332-5337. 
74. E.L. Izake, Forensic and homeland security applications of modern portable 
Raman spectroscopy. Forensic Science International, 2010. 202(1-3): p. 1-8. 
75. D.S. Moore, R.J.S., Portable Raman explosives detection. Analytical and 
Bioanalytical Chemistry, 2009. 393(6-7): p. 1571-1578. 
76. M. Snels, T. Venezia, L. Belfiore, Detection and identification of TNT, 2,4-
DNT and 2,6-DNT by near-infrared cavity ringdown spectroscopy. Chemical 
Physics Letters, 2010. 489(1-3): p. 134-140. 
77. G. Bunte, M.H., D. Ruseling, J. Hurttlen, H. Pontius, H. Krause, Trace 
detection of explosives vapours by molecularly imprinted polymers for 
security measures. Propellants, Explosives, Pyrotechnics, 2009. 34(3): p. 
245-251. 
78. G. Bunte, J. Heil, H. Pontius, K. Hartlieb, H. Krause, Gas phase detection of 
explosives such as 2,4,6-trinitrotoluene by molecularly imprinted polymers. 
Analytica Chimica Acta, 2007. 591: p. 49-56. 
79. D. Roeseling, T. Tuercke, H. Krause, S. Loebbecke, Microreactor-based 
synthesis of molecularly imprinted polymer beads used for explosive 
detection. Organic Process Research and Development, 2009. 13(5): p. 1007-
1013. 
80. P. Chen, S. Sukcharoenchoke, K. Ryu, L.G. De Arco, A. Badmaev, C. Wang, 
C. Zhou, 2,4,6-Trinitrotoluene (TNT) Chemical Sensing Based on Aligned 
Single-Walled Carbon Nanotubes and ZnO Nanowires. Advanced Materials, 
2010. 22(17): p. 1900-1904. 
81. M. Riskin, R.Tel-Vered, I. Wilner, Imprinted Au-nanoparticle composites for 
the ultrasensitive surface plasmon resonance detection of hexahydro-1,3,5-
trinitro-1,3,5-triazine (RDX). Advanced Materials, 2010. 22(12): p. 1387-
1391. 
82. J. Wang, G. Liu, H. Wu, Y. Lin, Sensitive electrochemical immunoassay for 
2,4,6-trinitrotoluene based on functionalized silica nanoparticle labels. 
Analytica Chimica Acta, 2008. 610(1): p. 112-118. 
83. W. Chen, N.B. Zuckerman, J.P. Konopelski, S. Chen, Sensitive 
electrochemical immunoassay for 2,4,6-trinitrotoluene based on 
functionalized silica nanoparticle labels. Analytical Chemistry, 2010. 82(2): 
p. 461-465. 
REFERENCES 
 
114 
 
84. D. Lubczyk, C. Siering, J. Lörgen, Z.B. Shifrina, K. Müllen, S.R. Waldvogel, 
Simple and sensitive online detection of triacetone triperoxide explosive. 
Sensors and Actuators B: Chemical, 2010. 143(2): p. 561-566. 
85. K.A. Marx, Quartz crystal microbalance: a useful tool for studying thin 
polymer films and complex biomolecular systems at the solution-surface 
interface. Biomacrocolecules, 2003. 4(5): p. 1099-1120. 
86. K.G. Furton, L.J. Myers, The scientific foundation and efficacy of the use of 
canines as chemical detectors for explosives. Talanta, 2001. 54(3): p. 487-
500. 
87. J. Otto, M.F. Brown, W. Long III, Training rats to search and alert on 
contraband odors. Applied Animal Behaviour Science, 2002. 77(3): p. 217-
232. 
88. B. Marshall, C.G. Warr, M. de Bruyne, Detection of volatile indicators of 
illicit substances by the olfactory receptors of Drosophila melanogaster. 
Chemical Senses, 2010. 35(7): p. 613-625. 
89. J. Yinon, Detection of Explosives by Electronic Noses. Analytical Chemistry, 
2003. 75(5): p. 99A-105A. 
90. C.F. Bernasconi, Kinetic and spectral study of some reactions of 2,4,6-
trinitrotoluene in basic solution.  I.  Deprotonation and Janovsky complex 
formation. Journal of Organic Chemistry, 1971. 36(12): p. 1671-1679. 
91. S. Singh, Sensors-An effective approach for the detection of explosives. 
Journal of Hazardous Materials, 2007. 144(1-2): p. 15-28. 
92. G.P. Anderson, M. Moore, P.T. Charles, E.R. Goldman, Bead-based fluid 
array detection of pentaerythritol tetranitrate: comparison of monoclonal vs. 
llama polyclonal antibodies. Analytical Letters, 2010. 43(18): p. 2913-2922. 
93. J.C. Sanchez, W.C. Trogler, Efficient blue-emitting silafluorene-fluorene-
conjugated copolymers: selective turn-off/turn-on detection of explosives. 
Journal of Materials Chemistry, 2008. 18(26): p. 3143-3156. 
94. M.P.P Monterola, B.W. Smith, N. Omenetto, J.D. Winefordner, 
Photofragmentation of nitro-based explosives with chemiluminescence 
detection. Analytical and Bioanalytical Chemistry, 2008. 391(7): p. 2617-
2626. 
95. M. Guardigli, M. Mirasoli, E. Michelini, L.S. Dolci,  A. Roda, Recent 
Analytical Application Areas of Chemiluminescence and Bioluminescence, in 
Chemiluminescence and Bioluminescence, A. Roda, Editor. 2011, The Royal 
Society of Chemistry: Cambridge, UK. p. 557-573. 
96. A. Shaw, P. Lindholme, R.L. Calhoun, Electrogenerated chemiluminescence 
(ECL) quenching of Ru(bpy)32+ by the explosives TATP and tetryl. Journal 
of the Electrochemical Society, 2013. 160(10): p. 782-786. 
97. M.P.P. Monterola, B.W. Smith, N. Omenetto & J.D. Winefordner, 
Photofragmentation of nitro-based explosives with chemiluminescence 
detection. Analytical and Bioanalitical Chemistry, 2008. 391: p. 2617-2626. 
98. M. Mirasoli, A. Buragina, L.S. Dolci, M. Guardigli, P. Simoni, A. Montoya, 
E. Maiolini, S. Girotti, A. Roda, Development of a chemiluminescence-based 
quantitative lateral flow immunoassay for on-field detection of 2,4,6-
trinitrotoluene. Analytica Chimica Acta, 2012. 721: p. 167-172. 
99. R.G. Ewing, D.A. Atkinson, G.A. Eiceman, G.J. Ewing, A critical review of 
ion mobility spectrometry for the detection of explosives and explosive 
related compounds. Talanta, 2001. 54(3): p. 515-529. 
100. Kirk-Othmer, Encyclopedia of Chemistry Technology, M. Howe-Grant, 
Editor 1999, Wiley-Interscience: New York. 
REFERENCES 
 
115 
 
101. J.S. Wallace, Chemical Analysis of firearms, ammunition, and gunshot 
residue, 2008, CRC Press: Boca Raton. 
102. R.E. Walker, Cartridges and firearm identification. 2013, Boca Raton: CRC 
Press. 
103. D.T. Hamilton, Cartridge manufacture. 1st ed. 1916: The Industrial Press. 
104. T. Urbanski, Chemistry and Technology of Explosives III. 1967, Oxford: 
Pergamon Press. 
105. M. Pumera, Analysis of explosives via microchip electrophoresis and 
conventional capillary electrophoresis: a review. Electrophoresis, 2006. 
27(1): p. 244-256. 
106. M.S. Meaney, V.L. McGuffin, Luminescence-based methods for sensing and 
detection of explosives. Analytical and Bioanalytical Chemistry, 2008. 
391(7): p. 2557-2576. 
107. M.E. Germain, M.J. Knapp, Optical explosives detection: from color changes 
to fluorescence turn-on. Chemical Society Reviews, 2009. 38(9): p. 2543-
2555. 
108. J. Wang, Microchip devices for detecting terrorist weapons. Analytica 
Chimica Acta, 2004. 507(1): p. 3-10. 
109. C. Sarazin, N. Delauney, A. Varneene, C. Costanza, V. Eudes, P. Gareil, 
Capillary and microchip electrophoretic analyses of explosives and their 
residues. Separation and Purification Reviews, 2010. 39(1-2): p. 63-94. 
110. S. Götz, U. Karst, Recent developments in optical detection methods for 
microchip separations. Analytical and Bioanalytical Chemistry, 2007. 
387(1): p. 183-192. 
111. J. Yan, X. Yang, E. Wang, Electrogenerated chemiluminescence on 
microfluidic chips. Analytical and Bioanalytical Chemistry, 2005. 381(1): p. 
48-50. 
112. P.S. Francis, C.F. Hogan, Luminescence, in Advances in Flow Injection 
Analysis and Related Techniques, Comprehensive Analytical Chemistry 
Series, Vol. 54, I.D. McKelvie and S.D. Kolev, Editors. 2008, Elsevier: 
Oxford. p. 343-373. 
113. B.A. Gorman, P.S. Francis, N.W. Barnett, Tris(2,2'-bipyridyl)ruthenium(II) 
chemiluminescence. Analyst, 2006. 131(5): p. 616-639. 
114. H. Wei, E. Wang, Solid-state electrochemiluminescence of tris(2,2'-bipyridyl) 
ruthenium. Trends in Analytical Chemistry, 2008. 27(5): p. 447-459. 
115. P.S. Francis, J.L. Adcock, J.W. Costin, S.D. Purcell, F.M. Pfeffer, N.W. 
Barnett, Chemiluminescence detection of opium poppy (Papaver somniferum) 
alkaloids. Journal of Pharmaceutical and Biomedical Analysis, 2008. 48(3): 
p. 508-518. 
116. C.M. Hindson, G.R. Hanson, P.S. Francis, J.L. Adcock, N.W. Barnett, Any 
Old Radical Won't Do: An EPR Study of the Selective Excitation and 
Quenching Mechanisms of [Ru(bipy)3]2+ Chemiluminescence and 
Electrochemiluminescence. Chemistry - A European Journal, 2011. 17(29): p. 
8018-8022. 
117. I. Rubinstein, A.J. Bard, Electrogenerated chemiluminescence. Aqueous ECL 
systems based on tris(2,2'-bipyridine)ruthenium(2+) and oxalate or organic 
acids. Journal of the American Chemical Society, 1981. 103(3): p. 512-516. 
118. J.D. Debad, E.N. Glezer, J.Wohlstadter, G.B. Sigal, J.K Leland, Clinical and 
Biological Applications of ECL, in Electrogenerated Chemiluminescence, 
A.J. Bard, Editor. 2004, Marcel Dekker: New York. 
REFERENCES 
 
116 
 
119. N.D. Danielson, Analytical applications: flow injection, liquid 
chromatography, and capillary electrophoresis, in Electrogenerated 
Chemiluminescence, A.J. Bard, Editor. 2004, Marcel Dekker: New York. 
120. D.R. Skotty, W.-Y. Lee, T.A. Nieman, Determination of dansyl amino acids 
and oxalate by HPLC with electrogenerated chemiluminescence detection 
using tris(2,2'-bipyridyl)ruthenium(II) in the mobile phase. Analytical 
Chemistry, 1996. 68(9): p. 1530-1535. 
121. K. Yokota, K. Saito, S. Yamazaki, A. Muromatsu, New detection method of 
alpha-, beta-, and gama-amino acids coupled with an on-line photochemical 
oxidation and tris(2,2'-bipyridine)ruthenium(III) chemiluminescence. 
Analytical Letters, 2002. 35(1): p. 185-194. 
122. K. Uchikura, Determination of aromatic and branched-chain amino acids in 
plasma by HPLC with electrogenerated Ru(bpy)33+ chemiluminescence 
detection. Chemical and Pharmaceutical Bulletin, 2003. 51(9): p. 1092-1094. 
123. K. Uchikura, M. Kirisawa, A. Sugii, Electrochemiluminescence detection of 
primary amines using tris(bipyridine)ruthenium(III) after derivatization with 
divinylsulfone. Analytical Science, 1993. 9(1): p. 121-123. 
124. S. Yamazaki, K.Ban'i, T. Tanimura, Chiral separation of carboxymethyl 
derivatives of amines by liquid chromatography on reversed-phase silica gel 
coated with N-n-dodecyl-L-hydroxyproline. Journal of High Resolution 
Chromatography, 1999. 22(9): p. 487-489. 
125. N. Niina, H. Kodamatani, K. Uozumi, Y. Kokufu, K. Saito, S. Yamazaki, 
Simultaneous detection of monoethanolamine, diethanolamine, and 
triethanolamine by HPLC with a chemiluminescence reaction and online 
derivatization to tertiary amine. Analytical Science, 2005. 21(5): p. 497-500. 
126. M.E. Bolden, N.D. Danielson, Liquid chromatography of aromatic amines 
with photochemical derivatization and tris(bipyridine)ruthenium(III) 
chemiluminescence detection. Journal of Chromatography A, 1998. 828(1+2): 
p. 421-430. 
127. K. Uchikura, Ru(bpy)33+ electrochemiluminescence detection of aliphatic and 
aromatic amines with diketene. Chem. Lett., 2003. 32(1): p. 98-99. 
128. F.E.O. Suliman, M.M. Al-Hinai, S.M.Z. Al-Kindy, S.B. Salama, 
Enhancement of the chemiluminescence of penicillamine and ephedrine after 
derivatization with aldehydes using tris(bipyridyl)ruthenium(II) 
peroxydisulfate system and its analytical application. Talanta, 2008. 74(5): p. 
1256-1264. 
129. T. Pérez-Ruiz, C.M. Lozano, V. Tomás, J. Martín, Automated solid-phase 
extraction and high-performance liquid chromatographic determination of 
nitrosamines using post-column photolysis and tris(2,2'-
bipyridyl)ruthenium(III) chemiluminescence. Journal of Chromatography A, 
2005. 1077(1): p. 49-56. 
130. T. Pérez-Ruiz, C. Martínez-Lozano, M.D. García, Determination of N-
methylcarbamate pesticides in environmental samples by an automated solid-
phase extraction and liquid chromatographic method based on post-column 
photolysis and chemiluminescence detection. Journal of Chromatography A, 
2007. 1164(1-2): p. 174-180. 
131. H. Morita, M. Konishi, Electrogenerated chemiluminescence derivatization 
reagent, 3-isobutyl-9,10-dimethoxy-1,3,4,6,7,11b- hexahydro-2H-pyrido[2,1-
a]isoquinolin-2-ylamine, for carboxylic acid in high-performance liquid 
chromatography using tris(2,2'-bipyridine)ruthenium(II). Analytical 
Chemistry, 2003. 75(4): p. 940-946. 
REFERENCES 
 
117 
 
132. K. Uchikura, Tris(2,2'-bipyridine)ruthenium(III) chemiluminescence 
detection of carbonyl compounds with methylmalonic acid. Analytical 
Science, 2000. 16(5): p. 453-454. 
133. H. Kodamatani, H. Shimizu, K. Saito, S. Yamazaki, Y. Tanaka, High-
performance liquid chromatography of aromatic compounds with 
photochemical decomposition and tris(2,2'-bipyridine)ruthenium(III) 
chemiluminescence detection. Journal of Chromatography A, 2006. 1102(1-
2): p. 200-205. 
134. C.J. McHugh, W.E. Smith, R. Lacey, D. Graham, The first controlled 
reduction of the high explosive RDX. Chemical Communications, 2002(21): 
p. 2514-2515. 
135. S.J. Woltman, W.R. Even, E. Sahlin, S.G. Weber, Chromatographic 
detection of nitroaromatic and nitramine compounds by electrochemical 
reduction combined with photoluminescence following electron transfer. 
Analytical Chemistry, 2000. 72(20): p. 4928-4933. 
136. M.E. Gange, S.C. Parratt, P. Jones, P.S. Francis, N.W. Barnett, 
Chemiluminescence from the reaction of tin(II) with tris(2,2'-
bipyridyl)ruthenium(III). Analyst, 2009. 134(12): p. 2397-2399. 
137. G.P. McDermott, X.A. Conlan, L.K. Noonan, J.W. Costin, M. Mnatsakanyan, 
R.A. Shalliker, N.W. Barnett, P.S. Francis, Screening for antioxidants in 
complex matrices using high performance liquid chromatography with acidic 
potassium permanganate chemiluminescence detection. Analytica Chimica 
Acta, 2011. 684(1-2): p. 134-141. 
138. M. Orlovic, R.L. Schowen, R.S. Givens, F. Alvarez, B. Matuszewski, N. 
Parekh, A simplified model for the dynamics of chemiluminescence in the 
oxalate-hydrogen peroxide system: toward a reaction mechanism. Journal of 
Organic Chemistry, 1989. 54(15): p. 3606-3610. 
139. R.E. Milofsky, J.W. Birks, Laser photolysis study of the kinetics and 
mechanism of photoinitiated peroxyoxalate chemiluminescence. Journal of 
the American Chemical Society, 1991. 113(26): p. 9715-9723. 
140. J. Stewart, Calculus, 4th ed. 1999, Pacific Grove, CA: Brooks/Cole. 
141. M.C.R. Cockett, G. Doggett, Maths for Chemists, Vol. l. 2003, Cambridge, 
U.K.: Royal Society of Chemistry. 
142. M. Hudlický, Reductions in organic chemistry 2nd ed. 1996, Washington 
D.C: American Chemical Society. 429. 
143. A.I. Vogel, Vogel's Textbook of Quantitative Inorganic Analysis: including 
Elementary Instrumental Analysis. 4th ed. 1978, London: Longman Scientific 
& Technical. 925. 
144. T.F. Jenkins, M.E. Walsh, Development of field screening methods for TNT, 
2,4-DNT and RDX in soil. Talanta, 1992. 39(4): p. 419-28. 
145. J.L. Luche, C. Bianchi, Synthetic Organic Sonochemistry. 1998, New York: 
Plenum. 431. 
146. C.A. Groom, A.Halasz, L. Paquet, S. Thiboutot, G. Ampleman, J. Hawari, 
Detection of nitroaromatic and cyclic nitramine compounds by cyclodextrin 
assisted capillary electrophoresis quadrupole ion trap mass spectrometry. 
Journal of Chromatography A, 2005. 1072: p. 73-82. 
147. J. Beaty, C. Dimarzio, S. McKnight, Passive infared FLIR image 
spectroscopic sensor, Patent WO 2008097262, 2008. 
148. Z. He, H. Gao, L. Yuan, Q. Luo, Y. Zeng, Simultaneous determination of 
oxalate and tartaric acid with chemiluminescence detection. Analyst, 1997. 
122(11): p. 1343-1345. 
REFERENCES 
 
118 
 
149. Z. He, X. Lin, H. Meng, S. Lu, G. Song, L. Yuan Y. Zeng, Development of a 
chemiluminescence method for the simultaneous determination of ascorbic 
and tartaric acids based upon their reaction with cerium(IV) in the presence 
of rutheniumtrisdipyridine. Analytical Letters, 1998. 31(9): p. 1553-1561. 
150. R.D. Gerardi, N.W. Barnett, S.W. Lewis, Analytical applications of tris(2,2'-
bipyridyl)ruthenium(III) as a chemiluminescent reagent. Analytica Chimica 
Acta, 1999. 378(1-3): p. 1-41. 
151. X.-B. Yin, S. Dong, E. Wang, Analytical applications of the 
electrochemiluminescence of tris (2,2'-bipyridyl) ruthenium and its 
derivatives. Trends in Analytical Chemistry, 2004. 23(6): p. 432-441. 
152. B.A. Gorman, P.S. Francis, N.W. Barnett, Tris (2, 2 -bipyridyl) ruthenium (ii) 
chemiluminescence. Analyst, 2006. 131(5): p. 616-639. 
153. L. Gámiz-Gracia, A.M. Garcia-Campana, J.F. Huertas-Perez, F.J. Lara, 
Chemiluminescence detection in liquid chromatography: Applications to 
clinical, pharmaceutical, environmental and food analysis--A review. 
Analytica Chimica Acta, 2009. 640(1-2): p. 7-28. 
154. R.D. Gerardi, N.W. Barnett, P. Jones, Two chemical approaches for the 
production of stable solutions of tris (2, 2'-bipyridyl) ruthenium (III) for 
analytical chemiluminescence. Analytica Chimica Acta, 1999. 388(1-2): p. 1-
10. 
155. M.M. Cooke, E.H. Doevan, C.F. Hogan, J.L. Adcock, G.P. McDermott, X.A. 
Conlan, N.W. Barnett, F.M. Pfeffer, P.S. Francis, Comparison of homoleptic 
and heteroleptic 2,2'-bipyridine and 1,10-phenanthroline ruthenium 
complexes as chemiluminescence and electrochemiluminescence reagents in 
aqueous solution. Analytica Chimica Acta, 2009. 635(1): p. 94-101. 
156. B.A. Gorman, K.F. Lim, C.F. Hogan, N.W. Barnett, Effect of oxidant type on 
the chemiluminescence intensity from the reaction of tris(2,2'-
bipyridyl)ruthenium(III) with various organic acids. Talanta, 2007. 72(2): p. 
568-574. 
157. Y. Zu, A.J. Bard, Electrogenerated chemiluminescence. 66. The role of direct 
coreactant oxidation in the ruthenium tris(2,2')bipyridyl/tripropylamine 
system and the effect of halide ions on the emission intensity. Analytical 
Chemistry, 2000. 72(14): p. 3223-3232. 
158. N.W. Barnett, B.J. Hindson, S.W. Lewis, S.D. Purcell, P. Jones, Preparation 
and preliminary evaluation of anhydrous tris (2, 2'-bipyridyl) ruthenium (III) 
perchlorate as a temporally stable reagent for analytical chemiluminescence. 
Analytica Chimica Acta, 2000. 421(1): p. 1-6. 
159. D.M. Hercules, F.E. Lytle, Chemiluminescence from reduction reactions. 
Journal of the American Chemical Society, 1966. 88(20): p. 4745-4746. 
160. J.M. Terry, J.L. Adcock, D.C. Olson, D.K. Wolcott, C. Schwanger, L.A. Hill, 
N.W. Barnett, P.S. Francis, Chemiluminescence detector with a serpentine 
flow cell. Analytical Chemistry, 2008. 80(24): p. 9817-9821. 
161. A. Juris, V. Balzani, F. Barigelletti, S. Campagna, P. Belser, A. Von 
Zelewsky, Ruthenium(II) polypyridine complexes: photophysics, 
photochemistry, electrochemistry, and chemiluminescnece, Coordination 
Chemistry Reviews, 1988, 84, 85-277. 
162. G.M. Greenway, A.W. Knight, P.J. Knight, Electrogenerated 
chemiluminescent determination of codeine and related alkaloids and 
pharmaceuticals with tris(2,2'-bipyridine)ruthenium(II). Analyst, 1995. 
120(10): p. 2549-2552. 
REFERENCES 
 
119 
 
163. P.S. Francis, J.L. Adcock, Chemiluminescence methods for the determination 
of ofloxacin. Analytica Chimica Acta, 2005. 541(1-2): p. 3-12. 
164. G.P. McDermott, E.M. Zammit, E.K. Bowen, M.M. Cooke, J.L. Adcock, 
X.A. Conlan, F.M. Pfeffer, N.W. Barnett, G.A. Dyson, P.S. Francis, 
Evaluation of tris(4,7-diphenyl-1,10-phenanthrolinedisulfonate)ruthenium(II) 
as a chemiluminescence reagent. Analytica Chimica Acta, 2009. 634(2): p. 
222-227. 
165. X. Zhou, D. Xing, D. Zhu, Y. Tang, J. Lia, Development and application of a 
capillary electrophoresis-electrochemiluminescent method for the analysis of 
enrofloxacin and its metabolite ciprofloxacin in milk. Talanta, 2008. 75(5): p. 
1300-1306. 
166. M.S. Burkhead, H. Wang, M. Fallet, E.M. Gross, Electrogenerated 
chemiluminescence: An oxidative-reductive mechanism between quinolone 
antibiotics and tris(2,2'-bipyridyl)ruthenium(II). Analytica Chimica Acta, 
2008. 613(2): p. 152-162. 
167. P. S. Francis, D. Papettas, E. M. Zammit, N. W. Barnett, Chemiluminescence 
reactions with cationic, neutral, and anionic ruthenium(II) complexes 
containing 2,2'-bipyridine and bathophenanthroline disulfonate ligands. 
Talanta, 2010. 2(82): p. 859-862. 
168. R. Stolle, Zur Kondensation von Formaldehyd mit Hydrazinhydrat. 
Chemische Berichte, 1907. 40(2): p. 1505-1507. 
169. P. Duden, M. Scharff, Ueber die Constitution des Hexamethylenetetramines. 
Jutsus Liebigs Annulen Der Chemie, 1895. 288(2): p. 218-252. 
170. M. Hudlický, Reductions in organic chemistry 2nd ed. 1996, Washington 
D.C: American Chemical Society. 
171. N.V. Sigewick, The Organic Chemistry of Nitrogen. 1966, Clarendon. 
172. D.M. Hercules, F.E. Lytle, Chemiluminescence from reduction reactions. 
Journal of the American Chemical Society, 1966. 88(20): p. 4745-4746. 
173. L.P. Fuller, E. Lieber, G.B.L. Smith, Reduction of nitroguanidine. VIII. 
Formation of aminoguanidine by reduction in liquid ammonia solution. 
Journal of the Chemical Society, 1937. 59: p. 1150-1152. 
174. V.A. Conard, R.L. Shriner, Aminoguanidine derivatives. Journal of the 
Chemical Society, 1933. 55: p. 2867-2870. 
175. R.N. Shreve, R.P. Carter, Process for aminoguanidine. Industrial and 
Engineering Chemistry, 1944. 36: p. 423-426. 
176. A. Hilmi, J.H.T. Luong, A.L. Nguyen, Development of Electrokinetic 
Capillary Electrophoresis Equipped with Amperometric Detection for 
Analysis of Explosive Compounds. Analytical Chemistry, 1999. 71(4): p. 873-
878. 
177. K. Bratin, P.T. Kissinger, R.C. Briner, C.S. Bruntlett, Determination of nitro 
aromatic, nitramine, and nitrate ester explosive compounds in explosive 
mixtures and gunshot residue by liquid chromatography and reductive 
electrochemical detection. Analytica Chimica Acta, 1981. 130(2): p. 295-311. 
178. E. Lieber, G.B.L. Smith, Reduction of nitroguanidine. VII. Preparation of 
aminoguanidine by catalytic hydrogenation. Journal of the Chemical Society, 
1936. 58: p. 2170-2172. 
179. N.M. Yoon, J.S. Choi, Reduction of nitro compounds with borohydride 
exchange resin - nickel acetate. Synlett, 1993(2): p. 135-136. 
180. N.M. Yoon, K.B. Park, H.J. Lee, J. Choi, The semihydrogenation of 
acetylenes over Pd catalyst on BER in the presence of CsI. Tetrahedron 
Letters, 1996. 37(47): p. 8527-8528. 
REFERENCES 
 
120 
 
181. H.W. Gibson, F.C. Bailey, Chemical modification of polymers.  Borohydride 
reducing agents derived from anion exchange resins. Chemical 
Communications, 1977(22): p. 815. 
182. N.M. Yoon, Selective reduction of organic compounds with aluminum and 
boron hydrides. Pure and Applied Chemistry, 1996. 68(4): p. 843-848. 
183. S.Y. Lee, T.B. Sim, N.M. Yoon, Selective Reduction of N-Nitrosoamines 
Using Borohydride Exchange Resin (BER)-CuSO4 in Methanol Bulletin of 
the Korean Society, 1997. 18(10): p. 1127-1128. 
184. A.T. Nielson, W.D. Moore, M.D. Olgan, R.L. Atkins, Structure and 
chemistry of the aldehyde ammonias. Formaldehyde-ammonia reaction.  
1,3,5-Hexahydrotriazine. Journal of Organic Chemistry, 1979. 44(10): p. 
1678-1684. 
185. A.H. Lamberton, Some aspects of the chemistry of nitramines. Quartely 
Reviews, 1951. 5: p. 75-98. 
186. A.P. Cooney, M.R. Crampton, J.K. Scranage, P. Golding, Kinetic studies of 
the pH dependence of the decomposition of 3,7-dinitro-1,3,5,7-
tetraazabicyclo[3.3.1]nonane (DPT) and related compounds. Journal of the 
Chemical Society, 1989(1): p. 77-81. 
187. A.I. Vogel, Vogel's Textbook of Quantitative Inorganic Analysis: including 
Elementary Instrumental Analysis. 4th ed. 1978, London: Longman Scientific 
& Technical. 
188. R.D. Chapman, R.A.O'Brien, P.A. Kondracki, N-Denitration of nitramines by 
dihydronicotinamides. Tetrahedron, 1996. 52(29): p. 9655-9644. 
189. Y. Tsunezumi, M. Akiyoshi, H. Miya, H. Nakamura. Aging behaviour of 
propellants. in New Trends in Research of Energetic Materials. 2005. Czech 
Republic. 
190. C. Prior, Strategem for simultaneous stabilizer and propellent detection, 
received by D. Donaldson, 2012. 
191. D. Laza, B. Nys, J.D. Kinder, A.K.-D. Mesmaeker, C. Moucheron, 
Development of a quantitative LC-MS/MS method for the analysis of common 
propellant powder stabilizers in gunshot residue. Journal of Forensic 
Sciences, 2007. 52(4): p. 842-850. 
192. M.N. Boers, W.P.C. de Klerk, Lifetime prediction of EC, DPA, akardite II 
and MNA stabilized triple based propellants, comparison of heat generation 
rate and stabilizer consumption. Propellants, Explosives, Pyrotechnics, 2005. 
30(5): p. 356-362. 
193. B.J. Alley, H.W.H.D., Gas-liquid chromatographic determination of nitrate 
esters, stabilizers, and plasticizers in nitro-cellulose-base propellants. 
Journal of Chromatography, 1972. 71(1): p. 23-27. 
194. J. Tucker, P.P. Gill, J. Hand. Assessment of factors effecting stabiliser 
extraction from nitrocellulose based propellants. in New trends in Research 
of Energetic Materials. Proceedings of the 14th Seminar. 2011. Czech 
Republic. 
195. Nato Security Agency, AOP48 Explosives, Nitrocellulose-Based Propellants, 
Stability Test Procedures and Requirements Using Stabilizer Depletion, 
2008. 
196. Australian Government Department of Defense, Australian Defence Standard 
DEF (AUST) 5623 Methods of Test for Propellants, 1997: NSW, Australia. 
197. M.R. Reardon, W.A. MacCrehan, Developing a quantitative extraction 
technique for determining the organic additives in smokeless handgun 
powder. Journal of Forensic Sciences, 2001. 46(4): p. 802-807. 
REFERENCES 
 
121 
 
198. T. Lindblom, A.A. Christy, F.O. Libnau, Quantitative determination of 
stabilizer in a single-base propellant by chemometric analysis of Fourier-
transform infrared spectra. Chemometrics and Intelligent Laboratory 
Systems, 1995. 29(2): p. 243-254. 
199. A. Bergens, K. Lundstrom, J. Asplund, Voltammetric determination of the 
stabilizing additives Acardite II, Centralite I and diphenylamine in 
propellants. Talanta, 1985. 32(9): p. 893-899. 
200. J.L. Booker, A method for the identification of smokeless powders and their 
residues by thin-layer chromatography of their minor constituents. Journal of 
the Forensic Science Society, 1973. 13(3): p. 199-201. 
201. B.J. Alley, H.W.H. Dykes, Gas-liquid chromatographic determination of 
nitrate esters, stabilizers, and plasticizers in nitro-cellulose-base propellants. 
Journal of Chromatography A, 1972. 71(1): p. 23-37. 
202. U.S. Government Department of Defense, Military Standard 286c. 
Propellants, Solid:Sampling, Examination and Testing, 2010. 
 
 
